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ABSTRACT
Inorganic-organic hybrid SiOz sol-gels anchored with amino (NHz-CHzCHz-NH-,
TMSen, and -NH-CH2CH2-NH-, Bis-TMSen) and mercapto (HS-) ligands have been
studied as new sorbents for heavy metal (e. g., Cu2+, Hg”, Cd2+, Zn2+, and Ni2+)
separation. The TMSen—anchored gels were found to be selective for Cu” removal in the
presence of Cd2+ and Zn”. In comparison, mercapto-anchored gels remove both Cu2+
and Cd2+ from a mixture of Cu”, Cd2+ and Zn”. These ligand-anchored materials, which
were easily prepared fi'om off-the-shelf chemicals in ca. 1 hr, were hydrophilic and thus
showed fast kinetics of metal uptake and removal (from the gels) in aqueous solutions.
The ligand-anchored sol gels loaded with metal ions were regenerated with acid, and the
materials could then be used in subsequent metal removal cycles. The effect of the
reaction conditions [catalysts, ligand/Si(OMe)4 ratios, curing temperatures, and surfactant
existence] on sol-gel properties and performance were investigated. In addition, the
kinetics of Cu2+ uptake and removal by these ligand-anchored sol-gel materials were
studied.
A comparison was made ofthe performance of ligand-doped and —graf’ted sol-
gels, ligand-grafted mesoporous silica and imprinted ligand-grafted gels. Ligand
leaching from the doped gels was found. A multistep approach involving a surfactant
was necessary to give powderous ligand-grafted mesoporous silica, and they may have
better metal uptake kinetics. Ligand-grafted gels prepared through the imprinting
approach did not reveal enhanced metal uptake capacities. Our surfactant-free, one-step
approach gave granular mesoporous, ligand-grafted gels with a narrow pore size
V
distribution. These gels showed metal uptake capacities and K; values that are
comparable to those of mesoporous gels prepared through the multistep approach with a
surfactant. The work here shows that, for toxic metal separation, these hydrophilic,
ligand-anchored sol-gels are a good alternative to ligand-anchored organic polymers or
ligand-grafted gels prepared through the multistep approach involving a surfactant.
A novel sol-gel precursor (RO)3Si~~L (L: thioacetal) was designed, and its
reaction with Hg(II) has been evaluated in ligand-grafted sol-gels. Studies using
molecular models ofthe grafted thioacetals were also conducted. The decomposition of
thioacetals to aldehydes and HSCHzCOOH by Hg2+ were observed. One of products of
the decomposition is Hg(SCH2COOH)2. Similar decomposition was observed in another
dithioacetal derivative immobilized on silica gel. A mechanistic pathway involving
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1.1. Current Approaches to Toxic Metal Separation
Toxic metal separation is of intense current interest in research and environmental
cleanup.l Selective removal oftoxic metal ions from aqueous solutions has been mainly
achieved through solvent extractionl’2 and solid sorbents.”7 The solid sorbents include
ligand-grafted organic polymers}3 Silica gel surface-coated with ligands,4 layered metal
phosphanates,5 mesoporous materials coated with monolayers of ligands,6'7 and a redox—
recyclable ion-exchange material.8 In the organic polymer-based sorbents, a second
functional group was often added to the hydrophobic polymers to enhance their
hydrophilicity and kinetics of metal-uptake.3 Silica gel beads have been fimctionalized
through reactions between ligands and surface hydroxyl (-OH) groups.4 Such ligand-
grafied Silica gels mainly utilize the surface of preformed silica gels. In an effort to use
the bulk of SiO2-based materials to enhance their capacity for Hg” absorption, novel
processes based on micellar surfactant templated mesoporous materials have been
developed.”7 After either calcinationé or solvent extraction7 to remove the surfactants,
the surface of pores was coated with the mercapto (-SH) ligand. These ligand-coated
mesoporous materials were found to have high capacity and selectivity for Hg”. The
enhanced capacity was largely achieved through the use of inner pores of the mesoporous
materials, and the affinity ofthe mercapto ligand for Hg” led to the observed high
selectivity.
1.2. Objectives of the Research
The overall goal of the research8 in this dissertation is to understand chemistry of
toxic metal ion complexation with organofimctional groups that are grafted on sol—gel,
2
and to develop and synthesize hybrid inorganic-organic sol-gel materials, which will
selectively bind target ions. The specific objectives are: (a) to synthesize and
characterize hybrid inorganic-organic materials using templates bonded to ligands for
toxic metal binding and removal; (b) to evaluate the capacity and selectivity of such
materials for binding target ions; (0) to study and develop methods for the removal of the
target toxic metal ions and the regeneration ofthe sol-gel materials; ((1) to form a basis
for the fundamental design principles for organofunctional sol-gel materials and to
contribute to the understanding of metal ion recognition and separation by these
materials.
1.3. The Sol-Gel Process and Grafting of Ligands to 8102
Typically, the sol-gel process involves a metal alkoxide such as M'(OR)4 (M' =
Si, T,. Zr), water and a second solvent which acts as a porogen and miscibility agent. The
sol-gel process refers to a sequence of reactions employing alkoxide precursors to prepare
glasses and ceramic oxides.9 A typical sol-gel process involves hydrolysis of an alkoxide
such as Si(OR)4, and particles that develop in the colloidal sol cross link to form a gel
with a three-dimensional porous network. The overall reaction is shown in Eq. 1.1.
Si(OR)4 + H20 == (RO)3Si-OH + ROH (hydrolysis)
(RO)3Si-OH + (RO)4Si == (RO)3Si-O-Si(OR)3 + ROH (condensation)
(RO)3Si-OH + HO-Si(OR)3 == (R0)aSi-O-Si(OR)a + H20
Overall Reaction: Si(OR)4 + 2 H20 == Sic)2 + 4 ROH (Eq.1.1)
R = Me, Et
Little or no heating is required in the sol-gel process and consequently the gel can be
dopedlo or anchored”15 with thermally sensitive species/groups which would normally
be precluded from incorporation into traditional inorganic hosts. If Si(OR)4 is mixed
with L-Si(OR)3 containing a fimctional ligand L [such as -(CH2)3NH-CH2CH2-NH2 or
(CH2)3SH] before hydrolysis, the ligand L will be anchored onto the solids (Eq. 1.2). In
such a process, Si(OR)4 plays the role of a crosslinking agent to react with the firnctional
monomer L-Si(OR)3 so that the ligand L is not only embedded but also covalently bound
to the gels.
Si(OR)4 + L-Si(OR)3 + H20 —> ESi-O-Si= (E412)
Acid or base can be used as a catalyst and affects both the hydrolysis and
condensation rates. Several possible mechanisms for hydrolysis and condensation have
been proposed as having transition states with significant SN2 type characters, involving a
siliconium ion (EST), or involving flank-side attack without inversion ofthe silicon
tetrahedron.9 Many factors influence the rate of sol-gel reactions. These include solution
pH, size ofthe selected alkoxide ligand, the solvents chosen, other catalysts, surfactants,
drying times and methods, and mechanisms of sol-gel formation.
SiO2 is stable in acidic media.9 Thus it can be used in extremely acidic and
hostile environments. The increase in solubility of amorphous silica at pH 2 10.5 was
reported (Figure 1-1)16 as a result ofthe formation ofpolymeric species Si203(OH)42',
Si305(OH)33‘ (cyclic trimer), Si407(OH)53', Si4Og(OH)44‘, and SiO(OH)3‘.
In basic solutions, titania and zirconia (M'O2) as well as their mixed oxides with
silica M'O2/SiO2 have been found to be stable.l°"'fig
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Figure 1.1. Solubility of amorphous silica in sodium hydroxide solutions as a function of
pH at 25 °C.16
1.4. Characterization Techniques
1.4.1. Brunauer—Emmett-Teller (BET) Gas Adsorption Analysis
The BET method is the most commonly used procedure for the determination of
surface area, pore volume, and pore size distribution of solid materials.17 A BET gas
adsorption analyzer consists of a gas storage system, a gas dosing system, a pressure
measuring device, and a sample unit to which the gas is to be delivered. A known
amount of adsorbate gas is added into the sample system, and the amount which is
unadsorbed may be determined by applying the gas laws.
The isotherms are classified17c into the Six classes shown in Figure 1.2. The
sorption of nitrogen gas onto the surface of sample is measured at increasing relative
pressures up to ca. 1.0, and desorption ofthe gas is measured at decreasing relative
pressures from 1.0.
Surface Area. The surface area of solid materials is measured by the following
equation (Eq. 1.3).
  1 _ 1 25
W((Po/P)—1) _ WmC + WMC[P(,] (Eq'1'3)
Where Wis the weight of gas adsorbed at a relative pressure P/Po, and Wm is the weight
of adsorbate which constitutes a monolayer of surface coverage. C is the BET constant
and is related to the energy of adsorption in the first adsorbed layer. Its value (C) is an
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Figure 1.2. The six isotherm types according to Brunauer, Deming, Deming, and
Teller. 17°
For most solids, the plot of 1/[W((Po/P)-1)] vs P/Po is linear and is restricted to a
region where P/Po is between 0.05 to 0.35. The value of Wm can be obtained from the







i = .1.4W,,,C (Eq )
W. = —1.-
3+1
From the weight of absorbate (Wm), the total surface area (S,) of the sample can be
calculated by Eq. 1.5.
 S, = WmNA“ (Eq. 1.5)
In whichN is Avogadro’s number (6.02 x 1023 molecules/mol), M is the molecular
weight ofthe adsorbate, and for a hexagonal close-packed nitrogen monolayer at 77 K,
the cross sectional area (AM) is 16.2 A2. The specific surface area (S) of the solid can be
calculated from the total surface area (St) and the sample weight (w).
s = 5% (Eq.1.6>
Total Pore Volume and Average Pore Radius. The total pore volume is
derived from the amount ofvapor adsorbed at a relative pressure close to unity, and the
8
assumption is made that the pores are filled with liquid adsorbate. Using Eq. 1.7, the




V. = a “4’ m . 1.7
In this equation, Pa and T are ambient pressure and temperature, and Vm is the molar
volume ofthe liquid adsorbate (34.7 cm3/mol for nitrogen). The average pore radius (rp)
can be expressed as Eq. 1.8.
Ii
rp = ———" (Eq. 1.8)
Pore size distribution is the distribution of pore volume with respect to pore Size.
A sharp peak in a plot of pore volume versus pore diameter represents a narrow pore size
distribution which indicates relatively uniform pore sizes throughout the bulk ofthe
material.
Pores in a material can be classified according to their sizes as micropores (< 20
A), mesopores (20-500 A), and macropores (> 500 A).17°
1.4.2. X-ray Photoelectron Spectroscopy (XPS)
Surface analysis by XPS [also known as Electron Spectroscopy for Chemical
Analysis (ESCA)] has been used in:18 (a) identification of elements except hydrogen
present at the surface of a solid (qualitative analysis); (b) calculation of the concentration
9
of elements at the surface (quantitative analysis); (0) identification of chemical bonding
state of elements; ((1) in-depth composition profiles of elemental distribution. The
analysis involves irradiation of the solid in vacuo with monoenergetic soft x-rays and
sorting the emitted electrons by energy. Mg Ka X—rays (1253 .6 eV) or Al K0L X-rays
(1486.6 eV) are ordinarily used, and these photons have limited penetrating power in a
solid, ofthe order on 1-10 micrometers.
Figure 1.3 shows the electron transitions that form the basis for XPS, X-ray
analysis, and Auger Electron Spectroscopy (AES).18“ Incident X—ray photons interact
with atoms in this surface region and cause the ejection of electrons, which have kinetic
energies defined by the following equation (Eq. 1.9), from one ofthe core electronic
levels.
KE = hv — BE + cs (Eq.1.9)
Where hv is the energy ofthe exciting radiation, BB is the binding energy ofthe emitted
electron in the solid, and (ii is the spectrometer work fimction. After the first emission, an
outer shell electron falls down into the inner orbital vacancy. When this electronic
transition occurs, energy is conserved by the emission of a photon [Figure 1.3(b)] or by
the emission of a secondary electron through a radiationless transition [Figure 1.3(c)]. X-
ray spectroscopy is not very sensitive to low atomic number elements because Auger
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Figure 1.3. Diagram of the electron transitions that form the basis for three techniques
(a) XPS; (b) X-ray analysis; (c) AES.18‘
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The relative concentrations ofthe various constituents can be determined by
integrating the peak areas after calculating the peak area sensitivity factors from
standards.
1.4.3. Scanning Electron Microscopy (SEM)
SEM is an imaging technique of surface features at 10 to 100,000 times with the
resolution of features down to 3 to 100 nm depending on the sample.1811 The components
of a scanning electron microscope are Shown in Figure 1.4.19 A fine beam of electrons
(B) from the electron gun is scanned across the surface of the Specimen in synchronism
with the spot ofthe display cathode ray tube (CRT). At this time, one or more lenses
(e.g., condenser and objective lenses) which reduce the size of the beam are used to give
a small pixel size. Apertures control the beam shape. The beam of electrons can also be
The SEM
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Figure 1.4. The components of an SEM instrument.l9
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deflected in a controlled pattern by scan coils. The detector monitors the intensity of a
chosen secondary signal from the specimen (in case of secondary electrons), and the
brightness ofthe CRT spot is controlled by an amplified version of the detected signal.
By choosing the electron energy, it is possible to control the depth to which the electrons
penetrate and the type of emitted signal used.
1.4.4. Flame Atomic Absorption (AA) and Cold Vapor (Flameless) Atomic
Absorption (CV-AA) Spectroscopy
In this research, AA was used to measure the concentration of metal ions (Cu”,
Zn”, Ni”, and Cd”), and CV-AA was used for Hg” concentration in solution.
Every element has a specific number of electrons associated with its nucleus. An
outer electron may be exited from its ground state to an exited state by absorbing light
energy of a specific wavelength.20m
-——————- ——.——




A quantitative detection ofthe amount of analyte can be obtained by measuring the
amount of light absorbed. The number ofphotons of the light absorbed is proportional to
the number of metal atoms in the flame.
As shown in Figure 1.5, the light source (e.g., hollow cathode lamp) through the
sample cell is chopped to differentiate between the light from the source and the emission
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Figure 1.5. Schematic diagram of an atomic absorption Spectrophotometer.”it
after being dispersed by the monochromator. A detector monitors the intensity of the
sample beam and continually compares this signal to the reference. The amount of light
attenuation is measured by the electronics and can be converted to the actual sample
concentration.”
For Cu”, Zn”, Ni”, and Cd” detection limits for atomic absorption spectroscopy
with flame atomization lie in the range of 1 to 5 ppb20b , and no interferences have been
reported in the AA method.20c
CV-AA is one of the popular techniques with dedicated long path adsorption cells
to existing AA spectrometers.20d AA with flame gives a poor detection limit — 500 ppb
for Hg and is therefore not adequate for low concentration of mercury at 5 ppb for
drinking water, 0.5 ug/kg for food, and even 200 ppb for the leachability requirement
defined by the Toxic Characteristic Leach Procedure (TCLP).21
An apparatus was prepared for cold vapor (flameless) atomic absorption (CV-AA)
in the current studies. It was set up by the method ofAmerican Public Health
Association/American Water Works Association (Figure 1.6).20" A stock mercury
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solution (0.100% w/v) was prepared by dissolving 1.3540 g ofHgCl2 in 700 mL of
deionized water and 1.5 mL of concentrated HNO3. The solution was then diluted to
1,000 mL with deionized water so that 1.00 mL = 1.00 mg ofHg. A series of standard
solutions were analyzed to generate a calibration curve by appropriate dilution ofthe
stock mercury solution with 0.15% nitric acid. These standard solutions were prepared
fresh shortly before CV-AA analysis by the following procedure. The reactions20f in this
procedure are shown in Scheme 1.1. Each ofthe mercury standard solutions (100 mL)
containing 0.0 (blank), 2.0, 4.0, 6.0 and 10.0 ppb Hg”, respectively, was transferred to a
250 mL Erlenmeyer flask. Concentrated H2SO4 (5.0 mL) and concentrated I‘INO3 (2.5
mL) were added to each solution. 5% w/v KMnO4 solution (15 mL) was then added to
each solution. After at least 15 min, 5% w/v K2S2Og solution (8 mL) was added into each
solution. The contents in each mixture were heated for 2 h in a water bath at 95 °C.
After the mixture were cooled to room temperature, 12% w/v NaCl-(NH2OH)2-H2SO4
solution (6 mL) was added. A separate SnCl2 solution was prepared by dissolving 100 g
of SnCl2 in deionized water containing 12.5 mL of concentrated HCl and was diluted to 1
L with deionized water. This 10% w/v SnCl2 solution (5 mL) was added into each
mixture containing mercury, and immediately the Erlenmeyer flask was attached to the
aeration apparatus. The volatilized mercury was then carried into the absorption cell and
the maximum absorbance was selected for each standard. After flushing the system for a
few seconds with the flask containing the blank, the measurement of next standard was
conducted. A typical calibration curve is shown in Figure 1.7. In a calibration curve, the
measured absorption intensity is plotted on the y-axis as a function of the known












A - Reaction flask
8 - Drying tube, filled with MgClO4
C — Rotameter, 2 liters of air/minute
D - Absorption cell with quartz windows
E - Compressed air, 2 liters of air/minute
F - Glass tube with fritted end
G - Hollow cathode mercury lamp
H -. AA detector
J - Vent to hood
K - Recorder, any compatible model
Figure 1.6. Schematic arrangement of the apparatus for the mercury measurement by
cold vapor (flameless) atomic absorption (CV-AA) technique.20c
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Figure 1.7. Hg” calibration.
Samples were treated by a process Similar to that for the standards. The Hg concentration
ofthe samples, as ppb Hg, was obtained directly from the calibration curve.
1.4.5. Solution and Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy
To determine and analyze the molecular structures, NIVIR spectroscopy has been
used through the measurement ofthe interaction of the radio fiequency electromagnetic
radiation with nuclei in a strong magnetic field.
A variety of solution NMR instruments have been used in the current study. They
are the Bruker AC-250 MHz, Varian Inova 300 MHz, and Varian Inova 600 MHz Fourier
transform spectrometers. The concentration of an analyte was quantitatively determined
from the integrals of an NMR absorption peak ofthe sample and an internal standard.
Distortionless enhancement by polarization transfer (DEPT) experiments to indicate the
number ofhydrogen atoms attached to a carbon nucleus (e. g., CH, CH2, CH3), H-H




1 Cone. H2804 (digestion agent)
Destruction of organic material 5 l Conc. HNO3 (oxidant)
 




l K28208 and then heating
Reduction from mercury ions NaCl-(NH20H)2H2304
to a gaseous elemental mercury < (reducing the excess KMnO4)
SnCl2/HCI
”H (reducing agent forInorganic mercury)
Scheme 1.1. Preparation of mercury for CV-AA analysis
A Varian 400 MHz solid-state NMR instrument was used to study 13C and ”Si
nuclei of solid samples in this dissertation. A solid does not usually give high-resolution
NMR spectra as a solution often does. Broad NMR spectra for solid samples can be
sharpened by the magic angle spinning (MAS) technique, in which the sample spins at a
angle of 54°44' with respect to the external magic field. The lH-13C and lH—”Si cross
polarization with magnetic angle spinning (CP-MAS) technique gives 13C and ”Si
Spectra of the solid samples. A bloch—decay pulse sequence program for a quantitative
l8
approach was used in the current studies. The bloch decay pulse sequence uses a normal
one-pulse excitation while decoupling other nuclei.
1.4.6. Other Techniques Used in the Current Studies
GC-MS and flash column chromatography were used to separate the analyte from
a mixture. Single crystal X—ray crystallography and high resolution mass spectrometry
were used as well. Ultraviolet-visible (UV-Vis) molecular absorption spectrometry and
infrared (IR) spectroscopy were applied for quantitative determination of inorganic
species and for determination of functional groups and structures, respectively.
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PART 2
Functionalized Sol-Gels for Selective Copper(II) Separation
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2.1. Introduction
Inorganic-organic hybrid materials are of intense current interest.1 Sol-gels
containing functional groups (R') such as amine and phosphine ligands have been prepared
from Si(OR)4 and R'Si(OR)3.lb’""g These materials have been studied for a variety of
applications such as heterogeneous catalysts and metal-containing materials.lc Assink and
coworkers have used high resolution 29Si NMR to probe the distributions of organic
groups in inorganic-organic hybrid materials.1i Schubert and coworkers investigated the
gelling process and the structure of gels prepared from Si(OEt)4/(MeO)38i(CH2)3NR2
[NR2 = NH2; NHCH2CH2NH2 (TMSen)] and dried with supercritical C02.2 Cao and Hunt
studied influence of pH, catalysts and Silane ratios on the structural homogeneity ofthe
gels.lg Such processes, followed by calcination at 600 °C, have been used to prepare
mesoporous copper silicates.3 Fresh TMSen-anchored sol-gels have been used for metal
preconcentration and one time Hg” separation from dental wastewater.”5 In addition,
Klonkowski and coworkers investigated metal binding capacity and kinetics of freshly
prepared gels, and the EPR of coordinated Cu” ions in the gels.4
Approaches to tethered ligands onto mesoporous materials have been studied for
toxic metal removal. They Show high capacities and good metal uptake kinetics. The
preparation ofthese ligand-coated mesoporous materials, however, is a multi-step
process, and often involves the use of surfactant templates and subsequent surfactant
calcination.6 We have thus turned to one-step sol-gel processes from off-the-shelf
chemicals to generate ligand-anchored SiOz materials.
We have targeted Cu” in the current study and investigated several ligand-
anchored sol-gels for repeated Cu2+ separation. Copper(II) is among the 13 toxic metal
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species on the EPA’S priority pollutant list,” and is RCRA regulated.7 In the current
work, amino and mercapto ligands with known high affinities for Cu” were anchored onto
sol-gels. The ligands in these hydrophilic solids are in the inner pores, and may thus offer
potentially higher capacity than surface-grafted silica gels. Our sol-gels were found to
bind and remove Cu” selectively from aqueous solutions. Addition of acid protonates the
ligands, and readily releases Cu” from the gels. The regenerated gels could be used in
subsequent cycles of Cu2+ removal. The preparation and characterization of these ligand-
anchored gels, kinetics of Cu” uptake and removal (from the gels), and selectivity ofthese
. 2+ .
materials for Cu are discussed.
2.2. Experimental Section
The chemicals used in this study including (MeO)38i(CH2)3NHCH2CH2NH2
(TMSen, Aldrich, 97%), (NICO)3Si(CH2)3NHCH2CH2NH(CH2)3Si(OMe)3 (bis-TMSen,
Gelest, 62% in methanol), and HS(CH2)3Si(OMe)3 (mercapto, Aldrich, 95%), Si(OMe)4
(Aldrich, 99%) were used as received.” Deionized water was used in the reactions and
the preparation of aqueous solutions. Distilled water was used in gel washing. Atomic
absorption (AA) analysis was performed on a Perkin Elmer 5100 atomic absorption
Spectrometer. UV-visible spectra of sol-gels were measured at 23 °C with a Cary 14H
scanning spectrophotometer interfaced to a computer for data collection and analysis via
On—Line Instrument Systems (OLIS) software and hardware. X-ray photoelectron
Spectroscopy (XPS) was obtained on an upgraded Perkin Elmer Phi 5000 Series Electron
Spectroscopy for Chemical Analysis System. Brunauer-Emmett-Teller (BET) surface area
. . . . 8b
and pore Size distnbution measurements were conducted on a Quantachrome
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Corporation Nova-1000 Gas Sorption Analyzer.
2.2.1. Preparation of Ligand Anchored Sol-Gels 1-12
TMSen ligand (70 uL, 0.32 mmol) dissolved in MeOH (600 pL, 14.8 mmol) was
mixed with the crosslinking reagent Si(OMe)4 (600 uL, 4.00 mmol, 7.4 mol% ofTMSen
or 240 uL, 1.61 mmol, 16.7 mol% ofTMSen). After water (360 (IL, 20 mmol) was
added to the mixture, a gel started to appear in ca. 5 s. The freshly formed gel was then
heated in an oven at 120 °C for 1 h, followed by standing at 23 °C overnight, to give gel
1a (7.4 mol% ofTMSen) and lb ( 16.7 mol% of TMSen). Alternatively, the vial
containing the freshly formed gel (7.4 mol% ofTMSen) was covered with an aluminum
foil containing holes (to Slowly evaporate MeOH and water), and placed at 23 °C in a
hood for two weeks to give a transparent hard gel 2a. Gels were similarly prepared with
an acid or base catalyst (3 60 uL) which was used in place of 360 uL ofwater [0.1 M
NaOH (120 °C, 3; 23 °C, 4); 0.01 MNaOH (120 °C, 5; 23 °C, 6), 0.001 MNaOH (120
°C, 7; 23 °C, 8), 0.01 MHCl (120 oC, 9; 23 °C, 10)].
Bis-TMSen and mercapto ligands were similarly anchored at 120 °C to give gels
11a [225 [IL (0.32 mmol) ofbis-TMSen, 600 pL of Si(OMe)4, 7.4 mol% bis-TMSen],
11b [225 [IL (0.32 mmol) ofbis-TMSen, 240 uL of Si(OMe)4, 16.6 mol% ofbis-TMSen],
12a [60 uL (0.30 mmol) of mercapto ligand, 600 uL of Si(OMe)4, 7.0 mol% ofthe
mercapto ligand], and 12b [65 uL (0.33 mmol) ofmercapto ligand, 240 uL of Si(OMe)4,





2.2.2. Preparation of Blank Sol-Gels 13-14 as Controls
Water (3 60 (IL, 20 mmol) was added with stirring to Si(OMe)4 (600 pL, 4.00
mmol) in MeOH (600 uL, 14.8 mmol). A transparent gel was produced in 20 h. The
fresh gel in an open vial was heated at 120 °C for l h to give gel 13, or placed in a fume
hood at 23 °C overnight to give gel 14. Gels 13 and 14 were placed in 6 M HCl for 24 h.
Subsequently the gels were washed with water, a NaHC03 solution (pH = 8) until pH of
the wet gel surface was 7-8 (by pH paper), and with water before they were dried in air.
2.2.3. Preparation of Cu”—Imprinted Gel 15
TMSen-grafted gels were also prepared by first binding Cu” ions to TMSen to
form [(1\/IeO)3Si(CH2)3-NHCH2CH2NH2]2Cu” [Cu(TMSen)2”], which was then reacted
with Si(OMe)4. TMSen (70 uL, 0.32 mmol) was added into CuClz (28 mg, 0.16 mmol)
dissolved in 600 uL ofMeOH to give a deeply blue-purple solution of Cu(TMSen)2”.
The cross-linking reagent Si(OMe)4 (600 uL, 4.00 mmol) and water were added to the
mixture. After the solution was first stirred for 10 min, a dark blue gel formed in ca. 30
min. This freshly formed gel was heated at 120 °C in an oven for 1 h and then at 23 °C
overnight to give gel 15.
2.2.4. Conditioning of Gels 1-15
Gels 1-15 were placed in 6 M HCl for 24 h, and subsequently were washed with
water, a NaHCO3 solution (pH = 8) till pH ofthe gel surface was 7-8 (by pH paper), and
then with water before they were dried in air. In the case of gel 15, this step removed the
imprinted Cu2+ ions. For gels 1-12, this acid pre-treatment step was necessary to remove
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acid/base catalysts and to ensure that all the gels had comparable properties. The fresh
gels after this pre-treatment showed Cu2+ intake capacities similar to those in the second
and third cycles.
2.2.5. Metal Ion Absorption and Removal Studies
The gels thus prepared were ground and sieved to eliminate any potential
variations in diffiision properties due to particle sizes. Particles with size between 500-
595 um were selected. In each test, 25 mg of a gel was placed in a solution of CuClz or a
mixture of CuClz, Zn(N03)2 and Cd(N03)2. The solutions were buffered at pH = 5 with
CHsCOOH/CHsCOONa, and no precipitation involving the buffer anion and the metal
cations (usually 100 ppm) was observed. The vial containing the mixture was then shaken
for 24 h at 23 °C. The solution was then analyzed by AA. The results of absorption
studies with Cu2+ solutions and Cu”, Zn2+ and Cd2+ mixtures are listed in Tables 2.1-2.5.
The metal ions absorbed by the gel were removed by placing the gel in 6 M HCl
for 24 h. Subsequently the gels were washed with water, a NaHC03 solution (pH = 8)
until pH ofthe wet gel surface was 7-8 (by pH paper), and finally with water before they
were dried in air before use. Such gels were subsequently used in the studies of the
second Cu2+ absorption and removal cycle.
2.2.6. Kinetics of Cu” Uptake and Removal
The kinetics of Cu2+ uptaking by la, 5 and 9 and Cu2+ removal from these gels was
studied. In each Cu” absorption test, ten identical samples were prepared, each consisting
of 25 mg of a gel in 2.5 mL of a CuClz solution (1.0 mM) buffered at pH = 5. The
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supernatant solution (500 uL) from one ofthe ten samples was removed for analysis in
each AA measurement. Multiple, parallel samples were used, as the removal of the
supernatant solution for AA analysis changed the amount of dissolved Cu2+ ions in this
two-phase absorption process. In the current study, one ofthe ten samples was used for
each uptake analysis.
After the gels were saturated with Cu” ions in ca. 27 h, the supernatant solutions
were removed. These Cu”-loaded gels (25 mg) were then used for the Cu2+ removal test.
The test was conducted by placing ten samples of the gels (25 mg) in 2.5 mL of 6 M HCl,
and monitoring [Cu”] by AA. For each AA measurement, the supernatant solution (500
11L) from one ofthe ten samples was removed for analysis.
2.3. Results and Discussion
In the current studies, a functional ligand-containing sol-gel precursor L-Si(OR)3
[e.g., L = -(CH2)3NH-CH2CH2-NH2 or -(CH2)3SH] was mixed with Si(OR)4 before
hydrolysis. The ligand L was thus anchored onto the solids (Eq. 1.2, Part 1). In such a
process, Si(OR)4 plays the role of a crosslinking agent to react with the functional
monomer L-Si(OR)3 so that the ligand L is not only embedded but also covalently bonded
to the gels.
The current approach to organic-inorganic hybrid materials is different from
coating functional monomers on silica gel SiOz surface. In the latter, the surface hydroxyl
groups -OH ofpreformed silica gel beads react with L-Si(OR)3, thus grafting the ligands
onto the silica gel surface. This technique, in essence, only uses the surface of Silica gels,
and the vast bulk ofthe gels does not participate in the extraction process. The capacity
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of these materials for target ions is thus limited by the extent of ligand grafting onto the
silica gel surface.
2.3.1. Cu2+ Absorption by the Inorganic-Organic Hybrid Materials
The drinking water standard for copper is 1 ppm.9 A site with Cu2+ at a few ppm
level is considered to be polluted.lo We thus focused on how effective these ligand-







The ligand precursors used in the current studies are shown in Scheme 2.1. They
are commercially available. General synthetic procedures to fiinctional monomers L-
Si(OR)3 have been developed.11 Ethylenediamine was chosen here for its high affinity for
Cu2+ [log [32 (stability constant) = 20.112 for Cu(NH2CH2CH2NH2)22+ or Cu(en)22+].
Thiolate (RS‘) ligands are also known to form stable Cu” complexes.13 The sol-gels
containing the anchored ligands absorb Cu” ions from a solution. Addition of acid
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. . . 2+ . 2+ .
protonates the armne moreties, and releases Cu Ions. A cycle of Cu removal is shown
in Scheme 2.2.
R/adjusting pH
+    
Scheme 2.2
Klonkowski and coworkers have recently studied Cu(II)/TMSen complexes
grafted on sol-gels.” Electron spin resonance (ESR) spectroscopy was used to
characterize the Cu2+ coordination environment. These studies suggested the presence of













The binding of Cu2+ ions by the TMSen-anchored gels and the stripping ofthe ions
from the gels were accompanied by color changes. When the gels were placed in a
solution of CuClz buffered at pH = 5, the colorless gel quickly turned deep blue in a few
seconds, indicating the binding of Cu” to form a blue complex Cu(TMSen)2”. After no
further Cu2+ binding was observed, the gels were placed in a HCl solution. The blue color
ofthe complex quickly disappeared yielding colorless gels. This Cu2+ removal by acid was
monitored by visible spectroscopy (Figure 2.1). When 0.01 M, 0.10 M, and 0.50 M HCl
solutions were used, 73%, 90%, and 97% of Cu2+ ions in the gels were removed in 1 h,
respectively. To ensure that all Cu” ions were removed before subsequent Cu2+ removal
cycles, we used 6.0 M HCl in our Cu2+ stripping studies.
A freshly prepared sol-gel was first treated with HCl (6 M). The gel capacity
afterwards was found to be similar to that in the second and third Cu2+ uptake/removal
cycles. The binding behaviors of these gels after the acid treatment is summarized in Table
2.1.14 Both TMSen- and mercapto-anchored gels removed Cu2+ from 7-9 ppm (ca. 0.1
mM, Table 2.1) to beneath the AA detection limit (2 ppb) which was well below the
drinking water standard (1 ppm).9 In dilute 0.1 mM Cu2+ solutions, la (7.4 mol% of
TMSen) showed a capacity of 1.7%. When a more concentrated Cu2+ solution (100 mM)
was used, 1a was saturated with Cu2+ ions, showing the formation of a
monoenthylenediamine complex Cu(TMSen)2+ [capacity as Cu(TMSen)22+ would be
136.0%].4d In ca. 0.1 mM cu2+ solution, both lb (16.7 mol% of TMSen) and TMSen-
surface imprinted mesoporous sorbentslsa'b removed Cu2+ to below the AA detection limit.
However, in ca. 1 mM Cu” solutions, 1b only removed 94% of Cu2+ ions vs. >99% for
lSa-b
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Figure 2.1. Visible spectra during the removal of Cu” ions from an TMSen-anchored gel
(2 X 2 X 2 m3) by 1 M HCl: (a) 0; (b) 2; (c) 10 min. (Scattering of light by the small gel
was observed, which contributed to the baseline.)
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Table 2.1. Binding behavior ofthe ligand-anchored sol-gelsa
 
 
Initial Conc. Final Conc. Kc” Capac2i+ty(mmol
(mg/L) (mg/L) of Cu /g of gel)
1. For ca. 1 mM Cu2+
Blank, 13 65.9(1.5) 44.7(12) 46.6 0.03
TMSen, lb 65.9(1.5) 3.8(0.2) 1.6 x 103 0.10
Bis-TMSen, 11b 77.6(0.4) 10.6(0.3) 6.37 x 102 0.11
Mercapto,12b 80.4(1.1) O.6(0.6) 1.3 x 104 0.13
2. For ca. 0.1 mM Cu”
13 8.6l(0.08) 8.39(0.12) 2.62 0.000
lb 8.61(0.08) 0.00" - 0.014
11b 6.78(0.04) 0.25(0.02) 2.6 x 103 0.010
12b 6.94(O.12) 0.00" - 0.011
a The gels (25 mg) were first treated with acid and then immersed for 24 h in 2.5 mL of the
solutions buffered at pH = 5.00 by acetic acid/sodium acetate.
b below the detection limit ofAA (2 ppb).
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mmol/g of gel in 100 mM Cu”) is comparable to poly(styryl-1,8-naphthyridine) beads
l6a-b
(SNAPY, 0.46-0.81 mng), polyamine grafted silica (WP-1, 0.86 mmol/g),l6c and
Ramsden materials (maximum 0.50 mmol/g).16d
The competitive binding of Cu”, Cd” and Zn2+ by TMSen-anchored sol-gels is
summarized in Table 2.2. These gels were found to remove Cu” to below the AA
detection limit in a CuClz solution {[Cu”] = 6.57(0.05) ppm} containing Cd” and Zn” as
competing soft metal ions (Table 2.2). Such selectivity for Cu2+ is likely the result of the
high affinity ofTMSen for Cu” [log [32 = 20.1, 12.1, and 12.9 for Cu(en)2”, Cd(en)2” and
Zn(en)2”, respectivelylz]. The affinity ofmercapto-anchored sol-gel 12b for Cd2+ and its
competitive binding for Cu2+ and Cd” are summarized in Table 2.3. In the presence of
Zn”, 12b removed both Cu2+ [64.3(0.2) ppm] and Cd” (119.2 ppm) to below the AA
detection limit. Thus, the enthylenediamine (TMSen)-anchored sol-gels are more selective
for Cu2+ separation. Bis-TMSen anchored gels were found to have Cu2+ binding capacity
similar to that ofTMSen anchored gels, although the distribution coefficient K414 of the
former is lower.
Template-imprinting has been used in the synthesis of solid-state materials to give
tailored cavities with high selectivity for the target. 17 We thus adopted the following
procedure to prepare a Cu”-imprinted TMSen-anchored gel 15. CuClz and TMSen ligand
were first mixed in MeOH to give a deeply blue molecular complex
Cu[NH2CH2CH2NH(CH2)3Si(OMe)3]2C12 [Cu(TMSen)2”]. This complex containing
-Si(OMe)3 groups was then mixed with Si(OMe)4 and subsequently hydrolyzed to give
blue Cu2+ imprinted gel 15 [TMSen/Si(OMe)4 = 7.4 mol%]. The TMSen ligands in 15
were expected to be in tetrahedral arrangement as determined by the
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Table 2.2. Competitive binding behavior of the TMSen-anchored gel 1b‘
 
Initial Conc. (mg/L) Final Conc. (mg/L) Kc”
1. For a mixture solution of ca. 1 mM of Cu”, Cd” and Zn”
Cu2+ 71.8(0.3) 4.4(02) 1.54 x 103
Cd” 115(2) 108.6(1.5) 5.74
Zn2+ 70.3(1.6) 63.8(0.4) 10.2
2. For a mixture solution of ca. 0.1 mM of Cu”, Cd2+ and Zn”
Cu” 6.57(0.05) 0.00" -
Cd2+ 11. 18(0. 10) no intake of Cd2+ by 1b was observed
Zn2+ 8.23(0.05) 7.80(0.06) 5.51
 
3 Gel lb (25 mg) was first treated with acid and then immersed for 24 h in 2.5 mL ofthe
solution buffered at pH = 5.00 by acetic acid/sodium acetate.
1’ below the detection limit (2 ppb) ofAA.
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Table 2.3. Binding behavior ofthe mercapto-anchored gel 12bal
 
Initial Conc. (mg/L) Final Conc. (mg/L) K.“
1. For a solution of ca. 1 mM of Cd2+
121.2(21) 0.0" -
2. For a mixture solution of ca. 1 mM of Cu”, Cd2+ and Zn”
Cu” 64.3(0.2) 0.0" -
Cd” 119.2(13) 0.0" -
Zn” 47.4(0.4) 26.6(0.4) 77.4
 
3. For a solution of ca. 0.1 mM of Cd”
11.8(0.2) 0.0b
2+c
4. For a mixture solution of ca. 0.1 mM of Cu” and Cd
Cu” 6.3(0.4) 0.00"
Cd” 11.3(1.l) 0.00b
‘ Gel 12b (25 mg) was first treated with acid and then immersed for 24 h in 2.5 mL ofthe
solution buffered at pH = 5.00 by acetic acid/sodium acetate.
b below the detection limit (2 ppb) ofAA.
c This solution also contained ca. 0.1 mM ofZn”, and the intake ofZn2+ was not analyzed.
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Cu[NH2CH2CH2NH(CH2)3Si]2” complex, rather than randomly arranged as in 1-10. The
Cu2+ ions in 15 were then removed by HCl, and the gels were neutralized by NaHCOa (pH
= 8) and water. The Cu2+ uploading capacities and selectivity of the imprinted gel 15 and
those of non-imprinted control la, as shown in Tables 2.4 and 2.5, respectively, were
found to be similar. Imprinting, thus, did not enhance the capacity or selectivity in the
TMSen-anchored gel 15 that we studied. In contrast, imprinting effect was observed in
surface-coated mesoporous materials.15 We do not yet understand why no imprinting
effect was observed in gel 15. Perhaps Cu” ions, unlike organic templates with certain
shapes, are highly spherical, and Cu2+ imprinting may only be demonstrated under special
circumstances.
Table 2.4. Binding behavior of imprinted gel 15 and nonimprinted control laa"b
 
Initial Conc. Final Conc. Cappcity(mmol of
(mg/L) (mg/L) Cu /g of gel)
1. For ca. 1 mM Cu”
Non-imprinted 1a 72.7(0.9) 22.6(0.3) 0.09
Cu” imprinted 15 72.7(0.9) 24.4(02) 0.09
2. For ca. 0.1 mM Cu”
Non-imprinted la 6.92(0.08) 0.62(0.02) 0.010
Cu” imprinted 15 6.92(0.08) 0.76(0.01) 0.010
 
‘ The gel (25 mg) was each immersed for 24 h in 2.5 mL ofthe solution buffered at pH =
5.00 by acetic acid/sodium acetate.
b Gels la and 15 [TMSen = 7.4 mol% in both gels] were used. Gel 1b [TMSen = 16.7
mol%] was used in Table 1.
39




Gels Initial Conc. (mg/L) Final Conc. (mg/L)
Cu” Non-imprinted 1a 71.8(0.3) 6.05(0.09)
Cu” imprinted 15 71.8(0.3) 6.20(0.07)
Cd” Non-imprinted la 115(2) 112(2)
Cu” imprinted 15 115(2) 106(2)
Zn” Non-imprinted 1a 70.3(1.6) 65.5(0.7)
Cu” imprinted 15 70.3(1.6) 66.0(0.4)
 
a A sample of each gel (25 mg) was first treated with acid and then immersed for 24 h in
2.5 mL ofthe solution buffered at pH = 5.00 by acetic acid/sodium acetate.
b A solution of CuClz, Cd(N03)2 and Zn(NOs)2 (ca. 1 mM each).
2.3.2. Kinetics of Cu” Absorption and Removal by the TMSen Anchored Sol-Gels
by HCl
In the first 10 min ofthe Cu” uptake ([Cu”] = ca. 1 mM or 64 ppm) by 1a, the gel
reached ca. 36% oftotal Cu2+ absorption. In 65 min, the uptake reached 65%. The Cu2+
removal from the gel by HCl was essentially complete in 2 min. Slight differences were
observed in the kinetics ofCu” uptake (Figure 2.2) and removal (Figure 2.3) among gels
prepared without catalyst and those prepared with acid or base catalysts. When more
concentrated Cu2+ solution was used, faster uptake kinetics and higher Cu” loading
capacities were observed.
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Figure 2.2. Kinetics of Cu2+ absorption by TMSen-anchored gels (25 mg in 2.5 mL of 1
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Figure 2.3. Kinetics of Cu+2 removal from TMSen-anchored gels (25 mg of Cu+2-loaded
gels in 2.5 mL of6 M HCl).
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without the prior acid treatment, a higher Cu2+ loading capacity was observed. Similar
higher capacities were also observed in other ligand-grafted sorbents.6 In the second Hg”
loading cycle ofmercapto ligand-coated mesoporous materials, a reduction in loading
capacity up to ca. 50% was observed.6 This reduction was attributed to partial oxidation
ofmercapto ligand and its interactions with strong acid during acid wash.6 In our case,
the freshly prepared gels contain basic ethylenediamine (TMSen) ligand (pr1 = 3.8, pr2
= 6.512) to bind Cu” ions. When the Cu2+ uptake is conducted in the acidic solution
buffered at pH = 5, the partial protonation ofTMSen ligands is expected to reduce their
capacity to bind Cu”. Another factor that may also contribute to the reduction in Cu2+
binding capacity was the incomplete neutralization ofHCl used in the acid wash. SiOz-
based materials absorb H+ ions very effectively. After the TMSen ligands were protonated
by HCl, the buffer capacity ofNaHC03 solutions at pH = 8 may be insufficient to
completely neutralize the acid, and the SiOz is likely to remain acidic. The ready
precipitation of Cu(OH)2 at pH > 8,18 and the instability of SiOz to base prevented us fiom
using more basic solutions to neutralize the acid.
2.3.3. Effect of Reagents, Catalysts and Curing Temperatures on the Ligand
Anchored Sol-Gels
Si(OMe)4 was used here for its fast hydrolysis in comparison to other silicon
alkoxides.ll The ratios of Si(OMe)4, L-Si(OMe)3, MeOH and H20 were found to have an
important influence on the morphologies of the final gels. In general, high extent of ligand
anchoring in materials is desired to give a large uptake capacity of the gels for the target
ions. However, the higher content of organic ligand L in the gels may decrease the
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physical strength ofthe materials. We tested TMSen anchored gels prepared with up to
25% L-Si(OR)3/Si(OR)4, and found that gels containing ca. 17% ofthe ligand showed a
combination ofgood mechanical strength and Cu2+ binding capacity. Sol-gel materials
anchored with a higher content of the ligand have a larger capacity for Cu”. However,
these gels are often soft, and tend to break down during subsequent cycles of Cu” uptake
and removal.
The sol-gel reactions are catalyzed by acid and base catalysts.”20 The basic
TMSen ligand itself is expected to act as a base catalyst. In the current studies, a small
amount of an acid or an additional base catalyst was added to study their influence on the
sol-gel process, surface morphologies, and the binding behavior ofthe sol-gel materials.
In the preparation of gels 9 and 10, the addition ofHCl (3.6 umol) as an acid catalyst
reacted with the basic ethylenediamine TMSen ligand (320 umol) to form a buffer. This
buffer may reduce the catalytic effect ofthe TMSen ligands in the self-catalyzed sol-gel
reactions. In either the absence or presence ofthe added catalysts (HCl or NaOH), the
solutions to prepare TMSen-anchored 1-10 turned into gels in a few seconds. The
scanning electron micrographs (SEM) ofthese gels as well as a plain gel prepared without
an added catalyst are shown in Figure 2.4. There are distinctive surface morphologies
among these three gels. The SEM ofthe plain gel and the gel formed with added base
catalyst showed rougher surfaces with large particles packed together, suggesting
polymerization processes through initial formation of large colloidal Silica globules
followed by their aggregation. The SEM ofthe gels prepared with added HCl catalyst, on
the other hand, showed a much smoother surface. In the later case, the weak base TMSen





Figure 2.4. SEM of TMSen-anchored gels (TMSen/TMOS = 1/12.5) that were prepared
(a) without a catalyst (1a); (b) with added NaOH (5); (c) with added HCl (9).
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sol-gel reactions with the added HCl is not clear. These three gels were found to have
similar Cu2+ binding capacities and uptake/removal kinetics.
In the sol-gel process to give SiOz, the initially formed gels are often cured at near
23 °C. Heating is sometimes used to increase the rate of crosslinking. We tested the
effect of curing time on the gel performance. After the sol-gel reactions started, the initial
gels were either placed at 23 °C overnight or heated at 120 °C for 1 h (1a). Heating at
120 0C was necessary to evaporate water inside gels. The latter was found to have 10%
higher capacity than the former. In addition, the average pore Sizes of 1a (120 °C for l h,
7.4 mol% TMSen), 1b (120 °C for 1 h, 16.7 mol% TMSen) and 2a (23 °C for two weeks,
7.4 mol% TMSen) as analyzed by the BET method were found to be 138(14), 83(13) and
82(26) A, respectively. Brunauer Emmitt Teller (BET) gas adsorption analyses are shown
in Figures 2.5-2. 10. The heating at 120 °C yielded gel 1a with larger average pore size
than the gel 2a cured at 23 °C in two weeks. The longer curing time at 23 °C perhaps led
to more extensive crosslinking ofthe sol-gels, while the heating at 120 0C yielded cracked
gels with looser structures and better access ofthe TMSen ligand to Cu2+ ions.4a When
gel 2a was placed at 23 °C for two weeks, the Cu” uptake by 2a was found to be much
slower than the gels cured either at 23 °C overnight or 120 °C for 1 h, perhaps a result of
extensive crosslinking in the gels. Repeated acid treatments did not give observable
changes in BET pore sizes and surface areas. There is no apparent correlation between
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Figure 2.10. Pore size distribution ofgel 2a.
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2.3.4. Characterization of Cu(TMSen)2” and Ligand-Grafted Sol-Gels
The chemical environment of Cu(NHzCHzCHzNH-)2” [Cu(TMSen)2”] in the gels
have been studied by Kolonkowski and coworkers.4c In addition to SEM and BET
characterization ofthe ligand-grafted gels, we conducted additional studies ofthe complex
Cu(TMSen)2” and the ligand-grafted gels.
The IR spectra of colorless TMSen and the blue {[(MeO)3Si(CH2)3-
NHCH2CH2NH2]2Cu”} complex in MeOH, recorded on a Bio-Rad FTS-60A
Spectrometer, are shown in Figures 2.11 and 2.12, respectively. The weak peaks around
3350-3180 cm'1 for non hydrogen-bonded N—H stretching and a weak N-H bending peak
at 1599 cm'1 in TMSen (Figure 2.11) were found shifted to strong peaks between 3240-
3127 cm'1 and a medium peak at 1590 cm'1 in Cu(TMSen)22+ (Figure 2.12). In addition to
UV/Vis, IR perhaps offers another means to monitor Cu2+ binding and removal.
In the analysis ofTMSen anchored gel 1a by X—ray photoelectron spectroscopy
[XPS or electronic spectroscopy for chemical analysis (ESCA)], a sample of Si3N4 (purity
99.9%) was used as standard for nitrogen and silicon calibration (Figure 2.13). The
relative sensitivity factors for N(ls) and Si(2p) thus obtained were 0.295 and 0.253,
respectively. Sputtering with Ar+ ions was performed before the XPS analysis. A typical
XPS spectrum is Shown in Figure 2.14. The average ofN/Si ratios for four TMSen-
anchored samples of 1a [TMSen = 7.4 mol% or theoretical N/Si = 0.15] from XPS was
found to be 0.14(0.01). The average is close to the theoretical N/Si, and perhaps also
indicates that the ligand is unifomrly distributed in the gel. This is perhaps not surprising,
as TMSen and Si(OMe)4 gave a homogeneous solution, and the solution was stirred
before it yielded the gel. The N and Si compositions after Ar+ sputtering were found to be
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Figure 2.11. IR spectrum of liquid TMSen (97%).
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Figure 2.13. XPS spectrum of Si3Ni4 (purity 99.9%) standard for nitrogen and silicon
calibration.
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Figure 2.14. XPS spectrum of the TMSen-anchored gel 1a.
53
uniform in the gels within the experimental errors.
2.3.5. Summary
Prior to the current work, grafting ligand on organic polymers has been a focus of
the research in metal separation. Kinetics ofmetal ions uptake from aqueous solution by
these hydrophobic organic polymers is usually slow. Sometimes a second functional
group is introduced to enhance hydrophilicity of the organic polymers for faster metal
uptake. Few systematic studies have been conducted of the performance of ligands
grafted on sol-gels, one type of inorganic polymers.
The current work showed that organic ligand-anchored Si02 sol-gels are durable
and stable for metal ion uptake/removal in multi-cycles. Easy regeneration of the gels with
acid did not decrease their capacities compared to the first-cycle gel capacities. Ethylene
diamine and mercapto ligand-grafted sol-gels removed Cu” to below the AA detection
limit of 2 ppm in the presence of competitive Cd” and Zn”. Especially ethylene diamine
gels showed selectivity for Cu” over Cd” and Zn”. These hydrophilic gels, readily
prepared from off-the-Shelf chemicals in a single step, are perhaps a good alternative to
organic polymer based, hydrophilic sorbents. A variety of ligands can be designed and
grafted on sol-gels for toxic metal separation.
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PART 3
Functionalized Sol-Gels for Mercury(H) Separation. Comparison of




The most common types of mercury poisoning are from the element (Hg), Hg”
salts, mono and dialkylmercury compounds (CHgHgCl and CH3HgCH3), and arylmercury
compounds (C5H5HgX).la Because ofthe Short time it takes metallic mercury vapor to
travel from the lung to the brain, most of the mercury vapor absorbed in the lungs arrives
in the brain without being oxidized in the blood, and it almost completely crosses the
lipid barrier.1 The high lipophilicity of organomercury compounds makes the absorption
rate for methylmercury from food nine times faster than the absorption rate of, for
example, inorganic mercury. The later oxidation of the mercury in the brain results in a
trap because the divalent mercury that is formed cannot easily leave the brain. It causes
irreversible damage to the developing central nervous system. In the brain,
methylmercury is partly biotransformed over time to inorganic mercury. In the
environment, the conversion of inorganic mercury to organomercury, which has a faster
absorption rate into the body, occurs primarily in microorganisms, especially in aquatic
systems. Poisoning from either inorganic or organic mercury results in damage most
commonly to the kidneys and central nervous system.”0
The sulfide ore, cinnabar, and red HgO are the main sources of mercury, and
other sources are industrial wastes. In the electrochemical industry, mercury has been
used as the mobile cathode in the chloralkali cell in the production of caustic from brine.
Electrical and measuring apparatus, paints, pharmaceuticals, cosmetics, dental fillings,
seeds dressing and catalysts have also used mercury or mercury compounds. Extensive
effort has been employed to clean-up mercury to a few ppb using reduction to metallic
mercury, coagulation and precipitation of insoluble compounds like HgS, sorption on
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activated carbon or other sorbents, ion exchange, amalgamation, extraction, biochemical
treatment, osmosis and sublimation techniques.2
Mercury wastes exist in different forms. For examples, there are over 50,000 m3
of mixed low-level and transuranic wastes containing mercury in the DOE (Department
ofEnergy) complex that consist of aqueous and nonaqueous sludges, soils, absorbed
liquids, partially or fully stabilized sludges, and debris. For high levels of mercury
(greater than 260 ppm), currently retorting, roasting, and/or extraction are used from non-
combustible solids and aqueous sludges, but for less contaminated wastes (lower than
260 ppm), there is no treatment standard to date. For mercury, 0.2 mg/L is required to
meet the leachability requirement of the Toxic Characteristic Leach Procedure (TCLP).3
The limited concentration of mercury is at present 5 ug/L for drinking water and 0.5
ug/kg for food in the USA.4
Mercapto ligands are known to have a high affinity for Hg”. Mercapto ligand
grafted materials have thus been used for metal separations. (3-Mercaptopropyl)
trimethoxysilane was tethered into commercial silica gel for the pre-concentration of
trace metals such as Cd”’ Cu”, Pb”, Zn” from natural waters, and nitric acid was used
to elute the metal from Silica.” (-O)3Si(CH2)3-SH and its Hg” complex (-O)3Si(CH2)3-S-
Hg+ absorb primary amines from aqueous solutions.5b (3-
Mercaptopropyl)trimethoxysilane was also tethered in the interlamellar region ofthe
smectite clay mineral montmorillonite. Thiomont was found to be an effective absorbent
for Hg(II) as well.5c Feng and coworkers developed SAMMS (Self-Assembled
Mercaptan Mesoporous Silica) materials especially for Hg(II) separation. The SAMMS
materials showed large surface area (> 1000 mz/g), well-defined pore Size (2~15nm), and
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established pore shape (hexagonal packed cylindrical pore channels). It gave high Kd
value (up to over 2.64 x 108 mL/g at 0.33 mmol/L Hg(II) solution) and large capacity
(613 mg Hg”/g gel). SAMMS was used for Hg” removal in the Savannah river
radioactive wastes and in nonradioactive vacuum pump oil.5d However, regeneration of
SAMIVIS with 12 M HCl reduced its capacities by 50%, and the loss was presumed to be
the result of the oxidation ofthe thiol group.5d’c’” The thiol ligands were tethered to
MCM-41, which was prepared from (quaternary ammonium ion)+X' (X = halide)
surfactant, and tetraethyl orthosilicate (TEOS) in acidic solution.6a The hydrocarbon tails
ofthe surfactant provide the driving force (van der Waals interaction) for the self-
assembly of Silane molecules into close packed arrays. Cross-linking to adjacent silanes
through hydrolysis and condensation reactions lead to the formation of a hexagonally-
packed structure.6b A proposed mechanism for the formation ofMCM-41 is shown in
Figure 316° Subsequent calcination at 550 °C to remove a surfactant yields the
mesoporous silica gel. A monolayer of ligand is then prepared by adding the appropriate
amount of 3-mercaptoprophyltrimethoxysilane to the calcined silica gel.
The electrostatically bound surfactant in MCM-41 can also be removed by ion
exchange using strong acid, but this process sometimes leads to the structural
decomposition ofthe materials.”3 Non-ionic surfactants can be removed from the
channels by solvent extraction.6a This removal ofthe surfactant optimizes the number of
surface hydroxyl groups that are available for organosilane grafting.
In Hg” removal using such thiol-tethered mesoporous silica gels, Hg” is often









































































































Figure 3.1. Mechanism for the formation ofMCM—41XPS.6°
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35% wt. HCI has been used, and the following reactions were believed to occur to
4
remove Hg”.
R-S-HgCl + HCI —> R-SH + HgCI2
R-S-Hg-S-R + 2HCI —> 2R-SH + HgCI2
We have studied thiol-tethered mesoporous silica gels prepared with non-ionic
surfactants, and their Hg” uptake properties. Non-ionic surfactants (Scheme 3.1) —
Tergitol type 15-s-15 and Triton x-lOO - were used in these studies in the preparation of
mesoporous ordered gel, which subsequently were either calcined at 450 °C or extracted






Polyglycol ether (nonionic) surfactants [4-(1,1,3,3-tetramethy| butyl)pheny|]
ether
(Tergitol type 15-s-15)7 (Triton x-100)
Scheme 3.1
Functionalized gels prepared in one-step without a surfactant were used to
compare with these prepared with a surfactant. The preparation of these thiol tethered
gels and studies oftheir Hg” removal are presented here.
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3.2. Experimental Section
The chemicals used in this study, including (MeO)3Si(CH2)3NHCH2CH2NH2
(TMSen, Aldrich, 97%), HS(CH2)38i(OMe)3 (mercapto, Aldrich, 95%), Si(OMe)4
(TMOS, Aldrich, 99%), Si(OEt)4 (TEOS, Sigma, 99+%), Tergitol type 15-s-15 (nonionic
surfactant, Sigma), Triton x-100 (nonionic surfactant, Acros), NaF (Allied Chemical &
Dye Corp., ACS Reagent) and Hg(NO3)2-H20 (Fisher, Certified A.C.S) were used as
received. Toluene was purified by distillation from potassium/benzophenone ketyl and
stored under dry nitrogen. Deionized water was used in the reactions and the preparation
of aqueous solutions. Distilled water was used in gel washing. An apparatus was
prepared for cold vapor (flameless) atomic absorption (CV-AA) in the current studies. It
was set up by the method of American Public Health Association/American Water Works
Association8 with a Perkin Elmer 5100 atomic absorption spectrometer. NMR spectra
were recorded on the solid state Varian 400 MHz spectrometer. Brunauer-Emmett-Teller
(BET) surface area and pore size distribution measurements were conducted on a
Quantachrome Corporation Nova-1000 Gas Sorption Analyzer.
To compare the structures and the chemical bindings ofthe gels prepared with
and without a surfactant, solid state NMR was used. Relative peak intensities in 29Si
cross-polarization magic angle spinning (CP-MAS) were not easily quantifiable, and thus
were used as a routine qualitative approach.
3.2.1. Preparation of Surfactant-Free, Ligand-Grafted Sol-Gels in a One-Step
Process
Gel 2b (7.4 mol% of TMSen), 2c (7.0 mol% mercapto) and 12c (17.0 mol% of
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the mercapto ligand) were prepared by the procedures in Section 2.2. 1. They were placed
in a filme hood at 23 °C overnight. Blank gel 14 without ligand — TMSen or mercapto —
was also prepared as a control.
The gels were placed in the H20 for several min, 6 M HCl for 24 h, and
subsequently were washed with water, a NaHC03 solution (pH = 8) until pH ofthe gel
surface was 7-8 (by pH paper), and then with water before they were dried in air.
3.2.2. Preparation of Sol-Gels with the Use of Non-Ionic Tergitol lS-s-15 Surfactant
in a Two-Step Process
Ligand-free gel 16a was prepared by a procedure reported by Barnes and
Clavier.6d Non-ionic surfactant (22 mL, 0.026 mol) and H20 (250 mL, 13.877 mol) were
mixed and stirred rapidly for 30 min. After TEOS (52 mL, 0.231 mol) was added, the
solution was stirred rapidly for another 10 min. During this time, white solids formed,
and then the stirring rate was reduced. The molar ratio in the reaction mixture was the
following: 10 TEOS : l surfactant : 560 H20. Overnight stirring gave a white solid
which was filtered, air dried in a fume hood, and then calcinied (2 °C/min to 450 °C and
heated at 450 °C for 12 h) to remove the surfactant template. Wheat flower-like, very
fine white powders of 16a formed (4.06 g). 16a was used as a blank for capacity
comparison.
16a was used to graft ligands to give 16b in a reaction involving toluene, ligand,
and 16a in a ratio of 25 mL oftoluene, 5.09 mmol of ligand, and 1.00 g of 16a.6at In the
TMSen-grafting process, 16a (0.5878 g) was mixed with TMSen (675 pL, 0.5878 g, 2.99
mmol). This mixture was refluxed in dry toluene (14.7 mL) for 24 h. The solid was then
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filtered and washed first with dry toluene and then with absolute ethanol. The solid was
subsequently dried overnight under vacuum at 23 °C to give 16b. 16c grafted with
mercapto ligand was prepared similarly from 0.1159 g of 16a, 115 uL (0.1159 g, 0.589
mmol) ofHS(CH2)gSi(0Me)3 and 2.90 mL of dry toluene.
3.2.3. Preparation of Sol-Gels with the Use of Non-Ionic Triton x-100 Surfactant in
a One-Step Process
Mercapto-grafted 17c was prepared by the method ofMercier and coworkers.9
17a and 17b were prepared similarly. 17a was used as blank control. The ligand-free
17a was prepared by mixing TEOS (5.97 mL, 0.0265 mol) with 100 mL of non-ionic
surfactant solution (0.027 mol/L) which was prepared with 1.6141 mL of Triton x-lOO.
In the TMSen-grafting process (17b), TEOS (5.97 mL, 0.0265 mol) and TMSen
(0.120 mL, 0.00054 mol) were mixed with 100 mL of non-ionic surfactant solution
(0.027 mol/L).
Prior to the formation of 17a, 17b, or 17c, each solution was stirred in a water
bath for one day at 45 °C. NaF (0.028 g, 0.00054 mol) was added to each solution, and
then stirred for 24 h to give a white solid, which was subsequently filtered, air dried, and
washed by Soxhlet extraction over ethanol for 24 h.
3.2.4. Hg” Extraction and Removal ofHg” from the Gels
Sol-gel sorbents (9.6 mg) were weighed into separate glass vials and added 20 mL
ofHg(N03)2°H20. The solutions were buffered at pH = 5 with CH3C00H/CH3C00Na,
or at pH = 8.1 with boric acid/NaOH. In addition, solutions containing 0.1 M NaN03 and
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Hg(N03)2 as well as solutions containing only Hg(NO3)2 were prepared. The Hg”
concentrations in these solutions were between 0.5-100 ppm. The vials were then shaken
on a mechanical laboratory shaker for 24 h at room temperature. Afterwards a certain
portion ofthe supernant solution was removed for dilution and then analysis by cold
vapor AA.
The Hg” absorbed on the gel was removed from the gels by placing the gels in 6
M HCl for one day. Subsequently the gels were washed with water, a NaHC03 solution
(pH = 8) until pH ofthe wet gel surface was 7-8 (by pH paper), and finally with water
before they were dried in air before 2nd uptake-removal cycle.
3.3. Results and Discussion
3.3.1. Absorption by Gels 2b, 2c, 12c, 14, l6a-c, and 17a-c
TMSenlo and 3-mercaptoprophyltrimethoxysilane were used as the precursors to
bind Hg” as shown in Scheme 3.2. The stability constant11 ofHg(TMSen)2” (log [32) is
expected to be close to that (log [32 = 23.1) for Hg(en)2. The stability constant of one
thiolate ligand [HS(CH2)3Si(0Me)3] for Hg” was calculated to be log B2 = 32.9, an issue
to be discussed in Section 4.3.5.
The results ofHg” extraction studies in various Hg” concentrations are
summarized in Table 3.1. Even though 2b, 2c, 14, l6a-c, and 17a-c were prepared in
solutions containing different concentrations of ligands, no obvious relationships were
found between the concentrations ofthe ligands in the solutions and metal ion capacities.
When the metal to ligand ratio is considered to be 1 to 2, and one assumes 100% grafting





Table 3.1. Capacities (mg ofHg”/g of gel) of TMSen and mercapto functionalized gels




Conc. 14* 2b 2c l6a* 16b 16c 17a* 17b 17c
(ppm)
Hg(N03)2 only
0.50 0.318 1.05 1.17 0.451 0.427
5.0 8.34 10.6
50 41.1 38.0 93.9 39.2 54.1 71.0 40.7 32.9 83.8
500 103 84.1 249 14.5 45.7 217
In 0.1 MNaN03 + Hg(N03)2
0.50 0.467 0.671 0.803 0.762 0.904 0.864 0.944
5.0 8.86 8.07 9.05 4.14 9.57
50 42.6 38.9 103 37.6 89.6 101 43.1 68.8 118
500 48.7 81.1 251 53.3 15.4 194
In pH 5 Na0Ac/HOAc + Hg(N03)2
0.50 0.092 0.683 0.783 0.419 0.804 0.729 0.783
5.0 5.30 7.25 9.00 1.21 11.4
50 24.6 54.0 103 9.13 157 126 34.6 88.9 173
500 109 192 274 110 29.4 161
In pH 8.1 buffer + Hg(N03)2
0.50 0.387 0.878 0.884 0.898 0.545
5.0 7.18 9.77 8.66
50 28.4 73.3 101 17.8 112 119 29.6 22.6 99.5
500 41.7 173 166 - - 12.5
* Blank containing no TMSen or thiol ligand.
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0.50 ppm Hg” solution, and 232% in 500 ppm Hg” solution. Similar overcapacities
were observed in Cu” removal by TMSen grafted gels in highly concentrated Cu”
solutions. These overcapacities may be the result ofthe formation of 1 : 1 complex of
Hg”-S'(CH2)3Si(0-)3 and Hg” binding to silica gel surface. In the second cycle,
capacities comparable to those in the 1st cycle were observed. Over 97% ofHg” was
removed from Hg” loaded gel by 6 M HCl.
As expected from the stability constants of ligands, overall the capacities of the
TMSen grafted gels 2b, 16b, and 17b for Hg” were lower than those of
HS(CH2)gSi(0Me)3 grafted gels 2c, 12c, 16c, and 17c. Sometimes the capacities of the
TMSen grafted gels were even lower than those of the blank gel which uses surface -OH
groups for Hg” binding.
As shown in Table 3.2, gel 2c which was prepared without a surfactant also shows
high Kd value in a pH 5 buffer solution. It was reported that SAMMS could reduce the
Hg concentration from 66 ppm to less than 0.05 ppb with 200 volume ratio (mL/g).5‘3
Gels 2c and 12c, which were prepared without a surfactant, contained 1.0 mol% and 17.0
mol% of mercapto ligands, respectively. These Hg” binding capacities were found
similar in O.500-50.0 ppm Hg” solutions. However in more concentrated Hg” solution
(500-1000 ppm), 12c with a higher concentration of the mercapto ligand, was found to
have higher capacities than 2c. In addition, 12c removed Hg” in a 50.0 ppm solution to
below the AA detection limit (1 ppt). 2c, in contrast, reduced Hg” concentration in the
same solution to 4 ppm.
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Table 3.2. Mercury distribution coefficients (Kd) in gels 2b and 2c prepared without a
surfactant and their comparison with those in SAMMS
 
Initial Hg” Final Hg” Kd * Pore volume pH
(ppm) (ppm) (mL/g) (mL/g) (Matrix soln.)
SAMMS” 5“
- with mercapto ligand
0.487 1.0 x 10'5 1.01 x 108 2080 0.1 M NaN03
9.70 1.2 x 10'3 1.68 x 107 2080 0.1MNaN03
 
functionalized sol-gels prepared without a surfactant in a one-step process
- with 7.0 mol% mercapto ligand (gel 2c)
0.564 6.490 x 10'3 1.81 x 105 2105
0.382 6.310 x 10“ 1.27 x 106 2105 0.1MNaN03
0.368 Below AA 7.83 x 107** 2128 pH 5 buffer
detection limit
0.427 7.280 x 10'3 1.21 x 105 2105 pH 8.1 buffer
- with 7.4 mol% TMSen ligand (gel 2b)
0.564 6.039 x 10'2 1.74 x 104 2083
0.382 6.341 x 10'2 1.06 x 104 2105 0.1 MNaN03
0.368 4.033 x 10'2 1.69 x 104 2083 pH 5 buffer
 
* Kd = the amount of adsorbed metal (pg) per gram of gels/metal concentration (,ug/mL)
remaining in the solution
** Detection limit (1 ppt), and these samples had been diluted by 10 times.
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3.3.2. BET Gas Adsorption Studies
High surface area and large pore sizes are believed to enhance the metal binding
capacity and uptake kinetics of porous materials. Brunauer Emmitt Teller (BET) gas
adsorption analyses (Figures 3.2-3.7) were performed on mercapto ligand grafted gels 2c,
16c and 17c, which were prepared with and without a surfactant.
N2 adsorption/desorption isotherms of the three gels indicate that they are porous.
A characteristic feature of the type IV isotherm reveals hysteresis between the adsorption
and desorption porous materials.
The surface area and porosity of gels 2c, 16c, and 17c are shown in Table 3.3.
The pore size distributions (Figures 3.3, 3.5, and 3.7) illustrate that all three gels are
mesoporous materials with the maximum pore size distributions located at 46.2 A for gel
2c, 60.4 A for gel 16c, and 47.7 A for gel 17c, respectively. These plots of pore volume
as a fimction of pore diameter show that all three gels have a narrow pore size
distribution. Gel 2c was prepared without a surfactant. However a rather small half-
width was observed in its pore-size distribution curve (Figure 3 .3), indicating fairly
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Figure 3.2. N2 adsorption/desorption isotherm of gel 2c.
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Table 3.3. BET measurements
 
Type of gel Surface area Pore diameter Pore volume
(mz/g) (A) (003/8)
14 66.1 23 0.0349
2c 47 1 46 0.543
16a 444 46 0.950
16c 373 60 0.564
17a 757 44 0.830
17c 893 47 1.066
 
3.3.3 29Si Solid State NMR Studies
The 29Si CP MAS NIVIR spectra for the mercapto-grafted gels 2c, 16c, 17c, and
blank gel 14 are shown in Figures 3.9-3.12. Some ofthe possible bonding modes of 29Si
atoms and corresponding Qn and Tn notationsl2 are shown in Figure 3.8. Qn series are
related to silicon in the siloxane without hydroxyl groups (Q4) and with isolated silanol
groups (Q3 and Q2). Tn series are related to organosilane molecules (e. g., mercapto
ligand) in different molecular environments as cross-linked (T3; Si bonded to two
neighboring siloxanes), terminal (T2; Si bonded to one neighboring siloxane), and
isolated (T1; Si not bonded to any neighboring siloxanes) groups.
Qn peaks are from the silica supports and do not change shape in mercapto grafted
gels. The CP-MAS solid state spectra here do not allow the quantitative molecular
composition ofthese materials. From the relative peak intensities at the same spinning
rate, only gel 16c prepared with non-ionic surfactant revealed T1 resources. Surprisingly,
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silanol peaks (Q3 and Q2) of gel 2c prepared without a surfactant were more intense than
those of 16c and 17c. We have expected to see more Q2 and Q3 Sites in mesoporous gels
16c and 17c, which were prepared with a surfactant, and were thus surprised to observe
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Figure 3.9. Solid-state ”Si CP-MAS NMR spectrum of blank
gel 14. Spin side bands at






































   
Figure 3.10. Solid-state ”Si CP-MAS NMR spectrum of gel 2c. Spin side bands at






































































Figure 3.12. Solid-state ”Si CP-MAS NMR spectrum of gel 17c (spin rate: 3,110 Hz).
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3.3.4. Summary
In conclusion, mesoporous materials grafted with functional ligands have been
prepared in multistep approaches with the use of a surfactant. They usually exist as
powders. The current work demonstrated that our one-step approach to ligand-grafted
sol-gels gives granular materials with comparable metal uptake kinetics. These granular
materials are much easier to handle than powderous mesoporous materials prepared with
‘ a surfactant.
. Gels 2c and 12c as well as 16c and 17c prepared with and without a surfactant
Show comparable pore sizes, surface areas and Si solid-state NMR. The current studies
show that gels prepared in the one-step process without a surfactant give high Kd value
(7.83 x 107) and high Hg” uptake capacity. They are capable of reducing Hg”
concentration from 50.0 ppm to less than 0 ppb. Such gels are mesoporous with a narrow
pore size distribution, and they are readily prepared inexpensively without a surfactant in
a one-step process. This material was effective at stripping and could possibly be used
over multiple cycles. In addition, gels 2c prepared without a surfactant in a Single-step
process are robust granules vs. powders 16c and 17c that were prepared with a surfactant.
However, the uptake kinetics for 2c are expected to be Slower than powdery 16c and 17c.
Mercapto ligand was found superior to TMSen in Hg” binding and removal.
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Part 4




Mercapto ligand HS-R grafted on a solid support has been used extensively in
Hg” extraction. There are few other ligands used for such purpose.1 In Part 3, our
studies ofHg” binding and removal by mercapto-filnctionalized sol-gels were reported.
We explored in the current studies the preparation of organic/inorganic hybrid gels
encapsulated or grafted with thioacetal ligands.
Phthalyltetrathioacetic acid (18a, Scheme 4.1), Ot-amino-B mercaptopropionic acid
[HSCH2CH(NH2)C00H], mercaptoacetic acid (19) and glutathione
[HC00CH2CH2CH2C0(NH)CH(CH2SH)C0(NH)CH2C00H] were reported to have a
high affinity with Hg(II).”S In particular, phthalyltetrathioacetic acid (18a) was reported
to be selective for mercury(II) binding (Table 4.1). We were interested in the potential of
ligands encapsulated in as well as grafted on sol-gels for Hg” separation. The proposed
mercury thioacetal complexes are relevant to Hg(II) binding in biological systems and
development of antidotes to mercury poisoning.
Table 4.1. Log KM, for H4PTTA with various metal ions621
 
Ca” Mg” Ni” Cu” Zn” Cd” Hg”




1 These complexes were too weak to be detected by the reported method
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Grafting a ligand on silica sol-gels has been achieved through the use of reagents
L-Si(0R)3. There are limited numbers of commercial organofilnctionalized silanes. A
variety of ligands L can be attached to —Si(0R)3. Several methods to prepare L-Si(0R)3
have been reported.”11
(1) Nucleophilic chlorine substitution to give derivatives of 3-
chloroprophyltrialkoxysilanes.7’8
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(RO)3Sl-CH2-CH2-CH2-Cl + X-——-> (RO)3Sl-CH2-CH2-CH2-X (Eq.4.1)
ix: I, S-(CH2)3-Si(0R)3, 82-(CH2)3-Si(0R)3, SCN, S-C(NH2)2+CI', NH-CO-OR,
0-CO-C(CH3)=CH2, N(CH3)3+CI', N(C2H5)3+Cl', N(CH3)2-C18H37+CI', N3, NCO,
NH-CO-N(CH2-CH=CH2)2, P(CGH5)2 ]
(2) Radical coupling reaction of olefins, acetylenes, aldehydes, and ketones with HSiR3
through hydrosilylation.7
(RO)3Si-H + CH2=CH-CH2-X _» (R0)3Si-CH2-CH2-CH2-X (Eq.4.2)
(3) Coupling reaction of a Grignard reagent with activated halides such as organic
- 9 0
bromides. ’1
(‘Pr0)3SiCHzC| + Mg —> (iPr0)3SiCH2MgC| (Eq. 4.3)
l R'Br
(iPr0)3SiCH2R'
[R'Br: CH2=CHCHzBr, PhCHzBr, 2-bromothiophene,
PhCH=CHBr, p-BrC6H4Br, BrCHZCH=CHCHZBr,
1,3,5—C5H3Br3, 2,6-dibromopyridine]
(4) Addition of amines to isocyanates,ll aldehydes,7 or ketones.7
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(Et0)3Si(CH2)3-N=C=0 + R'NH2 —> (EtO)3Si(CH2)3-NH-C=O (Eq. 44)
NHR'
(Et0>3Si(CH2)3-NH-cl=o + RNHz—> (EtO)3Si(CH2)3-NH-(|:=NR (Eq. 4.5)
NHR' NHR'
(Schiff base)
In this part, our studies of encapsulating and grafting thioacetal and their
interactions with Hg” are reported. The preparation of a new thioacetal functionalized
Silane is also presented.
4.2. Experimental Section
The chemicals used in this study, including AlC13 (Aldrich, 98%), 0-
phthalaldehyde (Fisher, Reagent Grade), mercaptoacetic acid (Aldrich, 97%),
RhH(CO)(PPh3)3 (Strem Chemical, 98%), Si(OMe)4 (TMOS, Aldrich, 99%), Si(OEt)4
(TEOS, Sigma, 99+%), NaF (Allied Chemical & Dye Corp, ACS Reagent),
Hg(N03)2-H20 (Fisher, Certified A.C.S), and (Me0)3Si(CH2)3NH2 (Aldrich, 97%), were
used as received. Toluene, pyridine, and SiCl4 were purified by distillation according to
conventional methods and stored under dry nitrogen. SOCl2 (Acros Organics, 99.5%)
was distilled before use. Silica gel (63-299 mesh, 60 A pore diameter) was purchased
from ICN Biomedicals anH, Germany. Deionized water was used in the reactions and
the preparation of aqueous solutions. Distilled water was used in gel washing. An
apparatus was prepared for cold vapor (flameless) atomic absorption (CV-AA) in the
current studies. It was set up by the method of American Public Health
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Association/American Water Works Association12 with a Perkin Elmer 5100 atomic
absorption spectrometer. Varian 300 MHz and 600 MHz solution NIVIR and Varian 400
MHz solid-state NIVIR instruments were used in the current studies.
4.2.1. Attempted Preparation of Cl3Si-C6H4-CH3
We attempted to prepare 20 by the synthetic procedure in Scheme 4.2. A model
study with toluene was conducted to see if the Fridel-Crafis reaction involving SiCl4
would occur. $0.; (1.7 g, 10 mmol) was added dropwise under N2 to a mixture of
toluene (4.6 g, 50 mmol) and AlC13 (0.1335 g, 1 mmol) with stirring. The solution was
refluxed at ca. 60 °C under N2. After 12 h, NMR spectra of the solution showed the
starting materials. No reaction had occurred.
4.2.2. Preparation of Na4PTTA Doped Sol-Gel 21
H4PTTA (18a) was prepared by the method of Jones and coworkers,6b and
confirmed by NMR.
Synthesis of Na4PTTA (18b). Acid catalyzed gels give slow gelation, and the
resulting gels are usually highly dense with a low pore volume and small pore size. We
thought that H4PTTA (18a) might be too acidic for sol-gel reactions to encapsulate it, and
thus prepared a PTTA sodium salt (Na4PTTA; white glassy-like material). H4PTTA 18a
(1.015 g, 2.176 mmol) was added to 17.5 mL of 0.496 M NaOH [standardized with KHP
(potassium hydrogen phthalate); 8.68 mmol]. Water in the mixture was then removed to





























Scheme 4.2. Proposed synthesis of a phthalyltetrathiocarboxylate functionalized Silane
Preparation of Na4PTTA Doped Sol-Gels 21a-c. To three portions of
Na4PTTA (18b, each 73.1 mg, 0.1319 mmol) dissolved in deionized H20 (250 pL, 21a;
100 ,uL, 21b; 200 ,uL, 21c), CH30H (400 pL), HC1(0.5 M, 50 pL, 21a; 200 pL, 21b; 100
,uL, 21c) and Si(OMe)4 (400 pL) were added. Blanks were prepared similarly except that
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Na4PTTA (18b) was not added. The gels were capped and placed on a stirrer. The
Na4PTTA containing gels gelled within 1.5 h, while the blanks gelled in approximately
2.0 days except that the blank corresponding to gel 21a gelled in approximately 3.5 days.
The freshly prepared gels were then allowed to cure at room temperature for 3 days, and
then dried in 45 °C oven for 2 days to give 251.5 mg of21a, 261.8 mg of 21b and 252.0
mg of21c gels.
Determination of Leaching in Na4PTTA Encapsulated Gels 21a-c. Na4PTTA
is physically entrapped in the sol-gel matrix rather than covalently bonded. Thus some
leaching of the dopant molecules is expected. If any ligand were to leach out during Hg”
extraction cycle, Hg” in the solution could form a complex within the leached Na4PTTA
ligand rather than with the ligand entrapped inside the sol-gel sorbent. This leaching of
the ligand would decrease the Hg” extraction efficiency of the sol-gel sorbents.
The Na4PTTA encapsulated gels (125.7 mg, 21a; 98.1 mg, 21b; 105.7 mg 21c)
were placed in 10 mL of deionized water in a vial, capped, and then Shaken on a
mechanical Shaker for 24 h. H20 was carefully removed to another vial. The leachate
was evaporated leaving behind a residue. The residue was dissolved in a mixture of ca.
% mL ofD20 and 1/2 mL of acetone-d6. 1H NMR spectra of the residue with an internal
standard sodium acetate (Na0C0CH3) (4.1 mg, 21a; 7.7 mg, 21b; 7.1 mg, 21c). The
amount ofNa4PTTA that leached from the sol-gel was determined quantitatively by the
following equation.
92
Ligand Peak Integration mg of Ligand
 
 
N0. of Protons _ MW of Ligand
Standard Peak Integration _ mg of Standard (Eq. 4'6)
N0. of Protons MW of Standard
4.2.3. Preparation of the Trimethoxysilylpropyl-Dithiodiacetic Acid Grafted Gels
24b, 25c—d, and 26c
Synthesis of Trimethoxysilylpropanals 22. A 50 : 50 mixture of isomeric
aldehydes, n—trimethoxysilylpropanal and iso-trimethoxysilylpropanal (22), was prepared
through the hydroformylation of olefins (Oxo process) by the literature method (Scheme
4.3).13 It was prepared with the use ofRhH(CO)(PPh3)3 as a catalyst, in an autoclave at
Oak Ridge National Laboratory. IR and NMR analysis confirmed the products.
Synthesis and Characterization of Trimethoxysilylpropyl-Dithiodiacetic Acid
23. Trimethoxysilylpropana122 (1.384 g, 7.762 mmol), mercaptoacetic acid (1.86 mL,
25.951 mmol), and concentrated hydrochloric acid (10.1 mL) were mixed and stirred for
48 h. Water and HCl were subsequently removed under vacuum, and the residue was
dried in the hood for one day, and then in a vacuum oven for an additional day to give a
sticky solid (2.651 g, 7.762 mmol). A small amount ofthe compound was dissolved into
CDC13. Tiny particles were filtered out using glass wool and cotton ball, and solution
NIVIR spectra of the filtrate were taken. It was believed that some (RO)3Sl- groups in 23
had been hydrolyzed during its preparation. This is not expected to affect the grafting of
23 on Si02. No elemental analysis of 23 was performed.
Preparation of Trimethoxysilylpropyl—Dithiodiacetic Acid Grafted Sol-Gel
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Scheme 4.3. Synthesis of trimethoxysilylprophyl-dithiodiacetic acid
mL, 3.933 mmol), and concentrated hydrochloric acid (1.534 mL) were mixed together
with stirring till a viscous colorless material formed. HCl and H20 were removed from
the mixture. The mixture was then neutralized to ca pH 6 with 0.02 MNaOH (ca. 1500
11L) and 10.8 MNaOH (ca. 100 11L). The viscous colorless mixture gave white cloudy
fine precipitates in solution. Si(OMe)4 (2.212 mL, 7.4 mol% of ligand) was added at this
point. After several min, gelation occurred. The white powder, after drying in a fume
hood, gave 1.126 g of 24b.
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The powders of24b were placed in the H20 for several minutes, 6 M HCl for 24
h and subsequently were washed with water, a NaHC03 solution (pH = 8) till pH ofthe
gel surface was 7-8 (by pH paper), and then with water before they were dried in air.
Preparation of Trimethoxysilylpropyl-Dithiodiacetic Acid Grafted Gels 25c-d
with the Use of Non Ionic Tergitol 15-s-15 Surfactant. Gel 16a (0.234 g, Section
3.2.2) was refluxed in 5.85 mL oftoluene containing trimethoxysilylpropanals 22 (0.213
g, 1.192 mmol), mercaptoacetic acid (0.285 mL), and concentrated hydrochloric acid
(1.55 mL) for one day (8.21 mol% of ligand).
The mixture was filtered and washed with dry toluene and absolute ethanol, to
give white fine powders (gel 25c, 0.3314 g) .
Ligand free gel (0.466 g) prepared after calcinations at 550 °C, was refluxed in
11.66 mL oftoluene containing trimethoxysilylpropanals 22 (0.378 g, 2.12 mmol),
mercaptoacetic acid (0.510 mL), and concentrated hydrochloric acid (2.75 mL) for one
day (8.21 mol% of ligand) in a similar procedure to give gel 25d grafted with 7.4 mol%
ofthe ligand.
Preparation of Trimethoxysilylpropyl-Dithiodiacetic Acid Grafted Gel 26c
with the Use of Non Ionic Triton-x 100 Surfactant. A one-step synthetic procedure,
which yields mesoporous gels as reported by Brown and coworkers,14 was used to
prepare ligand grafted gel 26c. Tetraethyl orthosilicate (TEOS, 5.97 mL),
trimethoxysilylpropyl-dithiodiacetic acid 23 (0.1863 g, 0.54 mmol, TEOS : ligand = 98 :
2), and 100 mL of Triton-x 100 solution (1.6141 mL/L) were stirred at 45 °C in a water
bath for one day. NaF (0.024 g, 0.54 mmol) was then added, and the mixture was stirred
at 45 °C for one day. The product was filtered and dried in a vacuum oven to give 3.477
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g of solid. The material was washed by absolute ethanol through Soxhlet extraction for
one day and then vacuum dried to yield 1.4904 g of gel 26c.
Preparation of Blank Sol-Gel as Controls. The corresponding blanks, 24a, 25a,
25b, and 26a without trimethoxysilylpropyl-dithiodiacetic acid ligand (23) were prepared
for comparison.
4.2.4. Preparation of the Silica Gel-Immobilized-Dithioacetal Derivative 27
Mahmoud and Goharls reported silica gel-immobilized-dithioacetal derivative 27
for mercury separation with 94-100% extraction and 90-100i3% ofHg (II) removal at
1.0-100 ppm concentration. The ligand is supposed to contain a dithioacetal fimctional
group, and thus attracted our attention. We reacted 0t-01'-[(benzylidene)dithio]diacetyl
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Scheme 4.4. Reported silica gel-immobilized-dithioacetal derivative 27.15
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4.2.5. Hg” Extraction in Hg(NO3)2 Solution and Removal ofHg”
Sol-gel sorbents (9.6 mg) were weighed into separate glass vials and added 20 mL
ofHg(N03)2-H2O. The solutions were buffered at pH = 5 with CH3COOH/CH3COONa,
or at pH = 8.1 with boric acid/NaOH. In addition, solutions containing 0.1 M NaN03 and
Hg(N03)2 as well as solutions containing only Hg(NO3)2 were prepared. The Hg”
concentrations in these solution were between 0.5-100 ppm. The vials were then Shaken
on a mechanical laboratory shaker for 24 h at room temperature. Afterwards a certain
portion ofthe supernatant solution was removed for dilution and then analysis by cold
vapor AA.
The Hg” absorbed by the gel was removed by placing the gels in 6 M HCl for
one day. Subsequently the gels were washed with water, a NaHCO3 solution (pH = 8)
until pH ofthe wet gel surface was 7-8 (by pH paper), and finally with water before they
were dried in air before second uptake-removal cycle.
4.3. Results and Discussion
4.3.1. Attempted Preparation of Phthalyltetrathiocarboxylate Functionalized Silane
20
Thioether and carboxylic functional groups in phthalyltetrathiocarboxylate (18b)
are expected to be involved in metal binding. We attempted to attach a —Si(OMe)3 group
into phenyl ring by a procedure in Scheme 4.2.
The carboxylic functional groups in H4PTTA (18a) were protected as esters. We
then attempted to attach —SiC13 to the phenyl ring through the Friedel-Crafts reaction with
AlC13 as catalyst. If this step worked, the reaction ofthe product containing —SiCl3 group
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with HOMe would give the sol-gel precursor 20. A model study with toluene and $0.;
was conducted. However the proposed Friedel-Crafts reaction did not work in our hands.
In fact, no reaction among toluene (solvent), $0.; and AlC13 was observed. We thus did




SiCI4 + + AICI3 ——>§-> I SiCI3 (Eq.4.7)
4.3.2. Studies of Na4PTTA-Doped Sol-Gel
Encapsulating Na4PTTA in sol-gels was investigated. Our group has successfully
encapsulated 1,4,10,13-tetraoxa-7, 16-diazacyclooctadecane-7, 16-bis(malonate)
(Na40ddm) [Scheme 4.5(b)] onto Si02,l7 and only 133% ofthe encapsulated ligand was
found to have leached from the sol-gel. Na4PTTA is similar to the crown ether
compound Na40ddm in size. In addition both ligands have four carboxylic acid
functional groups.
1H and 13C Solution NMR Spectra of H4PTTA. The 1H and l3C{1H} NMR
data ofthe H4PTTA (18a, Scheme 4.1) in aceton-d6 are consistent with the structure. The
four -COOH groups appeared as a broad singlet at 9.1 ppm in the 1H spectrum. The two
—CH(S-)2 groups were observed as a singlet at 6.0 ppm. The eight diastereotopic -CH2-
hydrogen atoms appeared as doublets of doublets at 3.6 ppm (21mg = 16 Hz). The
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—COO', methyne CH and methylene CH2 were observed at 170.5 ppm, 49.8 ppm and
34.6 ppm, respectively, in the l3C{1H} spectrum
1H and 13C NMR Spectra of Na4PTTA (18b). In the 1H NIVIR spectrum of 18b
in D20, the methyne CH groups were observed as a singlet at 5.5 ppm. Multiplets of the
CH2 groups appeared at 3.0—3.5 ppm. In the l3C{1H} NMR Spectrum, the C00' groups
were observed at 177 ppm. The methyne (CH) and methylene (CH2) groups appeared at
49.3 ppm and 38.0 ppm respectively.
4.3.3. Ligand Leaching from the Na4PTTA Doped Sol-Gel 21a-c
Na4PTTA leaching experiments were performed in order to quantitatively
determine the extent of ligand leaching, and the results are given in Table 4.2. Our group
showed that the leaching ofNa40ddm ligand was minimized by controllingthe porosity
ofthe sol-gel through acid catalysis.17 Even though Na4PTTA (18b) is similar to
Na40dda (Scheme 4.5), ligand leaching was severe. Up to 100% of encapsulated
Na4PTTA (18b) was found to have leached. It is not clear why ligand leaching was
severe for Na4PTTA (18b) doped sol-gel.
Table 4.2. The amount of ligand leached from the Na4PTTA doped sol-gel 21a-c
 
Vial # Gel NaOOCCH3 Ligand Standard Leaching
(mg) (mg) integration integration (%)
21a 125.7 4.1 10.28/1H 15.47/3H ~100
21b 98.1 7.7 9.09/1H 28.61/3H 81
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Scheme 4.5. Structures of (a) Na4PTTA (18b) and (b) Na40ddm
4.3.4. Characterization of Trimethoxysilylpropyl-Dithiodiacetic Acid 23
Our earlier attempts to prepare phthalyltetrathiocarboxylate functionalized Silane
(gel 20, Section 4.2. 1) were not successful. We thus explored an alternative route to sol-
gel precursor containing trimethoxysilylpropyl-dithiodiacetic acid ligand. Instead of
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attaching a —Si(OMe)3 group into the phenyl ring, we prepared trimethoxysilylpropyl-
dithiodiacetic acid (Scheme 4.3).
1H, 13C{1H}, DEPT, and H,H-COSY(COSY-90) spectra of 23 were obtained on a
Varian 300 MHz solution NMR spectrometer. The phase-sensitive gradient-selected
HSQC spectrum of 23 was recorded on a Varian 600 MHz solution NMR spectrometer.
These spectra are given in Figures 4.1-4.5.
The CH2 groups as well as the CH and CH3 groups were assigned fi'om the
negative and positive signals, respectively, in the DEPT (135) spectrum. The CH groups
were then assigned from the DEPT (90) spectrum.
The four diastereotopic —CH2- groups were observed as doublets of doublets at
3.41 ppm (21Hm = 20 Hz) for iso-23 and at 3.45 ppm (21H-.. = 15 Hz) for n-23 in the 1H
NIVIR spectrum (Figure 4.1). HSQC spectrum (Figure 4.4) showed the connections
between 3.34 and 3.50 (1H) — 32.09 (13C) for the CH2 groups in iso-23 and 3.36 and 3.55
(1H) — 32.23 (13C) for those in n-23. These assignments were confirmed with the H,H-
COSY spectrum (Figure 4.4) in which the —CHflb- groups showed diastereotopic Ha-Hb
coupling, and with the DEPT (135) spectrum (Figure 4.3). The methyne CH groups were
observed as multiplets at 4.05 ppm for iso-23 and 4.09 ppm for n-23 in the 1H NMR
spectrum. They were found to be connected with the 13C peaks at 54.95 ppm and 54.8
ppm, respectively, in the HSQC spectrum. The assignment was filrther confirmed by the
DEPT (90) studies (Figure 4.3b). Iso-COOH and n-COOH groups appeared as a broad
singlet at 10.53 and 10.62 ppm in the lHNMR spectrum (Figure 4.1) and 171.18 ppm


























Figure 4.2. l3C{1H} NIVIR spectrum of trimethoxysilylpropyl-dithiodia
cetic acid (23) in
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Figure 4.3. DEPT spectra oftrimethoxysilylpropyl-dithiodiacetic acid (23): (a) DEPT
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Figure 4.4. H,H-COSY (COSY-90) spectrum of trimethoxysilylpropyl-dithiodiacetic
acid (23) in CDC13.
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Figure 4.5. HSQC spectrum of trimethoxysilylpropyl-dithiodiacetic acid (23) in CDC13.
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material HSCH2COOH group was found in the 1H NIVIR spectrum (2.08 ppm, t, 1H,
HSCH2COOH; 3.34 ppm, d, 2H, HSCH2COOH) and l3C{1H} spectrum (26.6 ppm,
SHCH2COOH; 176.7 ppm, SHCH2COOH).
4.3.5. Hg(II) Extraction
Our extensive search of the literature did not reveal reports of the measurements
ofthe stability constants for the complexes between mercaptan and Hg(II). Liu and
coworkers evaluated the equilibrium constant ofthe Hg(II) complex (Eq. 4.8) by the self-
assembled mercaptan groups on mesoporous silica (SAMMS) substrate (Eqs. 4.8-4.13).18
SAMMS—R(SH)2 + ng“ _
l-RSzHgl 1H+ i2




RSH —— RS' + H“
 
 
_ [RS—l [Ht] _ -7
Ka — [RSH] — 10



















= 1032-85 (Eq. 4.13) 
The K. value for H2S .—_- I-F + HS' [not CH3(CH2)2SH ‘-—* CH3(CH2)2S' + H+] was used.
The log [32 value of 32.85 is very high but still smaller than that reported6 for H4PTTA
(e.g. log [3 = 45 at pH > 6). However we found our gels 24b, 25c, 25d and 26c have
lower capacities (3 6.2~84.3 mmol ofHg”/g of gel in 50 ppm) for Hg(II) than mercapto
grafted gels (2c) (93.9~103 mmol ofHg”/g of gel in 50 ppm) reported in Part 3. The
Hg” uptake capacities are given in Table 4.3. In addition the capacities were not
consistent or reproducible in several cycles. Gels 25c showed Slightly higher capacities
than gel 25d due to higher ligand coating. A comparison of capacities revealed variable
capacities among these gels and the controls at different Hg” concentrations. In other
words, there are little differences in these Hg” uptake capacities.
4.3.6. Characterization of Ligand Functionalized Sol-Gel 24b and 27
Solid-state l3C{1H} NIVIR studies were conducted to characterize the grafting of
the ligands on sol-gels system, and the gels after Hg” uptake/removal cycles. The
l3C{1H} SSNMR spectra of trimethoxysilylpropyl-dithiodiacetic acid filnctionalized gels
24b before and after Hg(II) uptake are shown in Figure 4.6.
Before the NMR experiments, the ligand-grafted gel (67.9 mg) was put into a pH
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Table 4.3. Capacities (mmol ofHg”/g of gel) oftrimethoxysilylpropyl-dithiodiacetic




Conc.(ppm) 24a* 24b 25b* 25d 26a" 26c
Hg(NOg)2 only
0.50 0.318 0.23 0.451 0.427
5.0 4.69 7.93 3.70
50 41.1 84.3 40.7 71.0
500 103 74.7 14.5 43.8
In 0.1 M NaN03 + Hg(NO3)2
0.50 0.467 0.280 0.567 0.645 0.864 0.851
5.0 8.86 3.55 7.68 4.10 7.22 1.05
50 42.6 75.7 36.2 52.3 43.1 69.4
500 48.7 117 53.3 100
In pH 5 HOAc/NaOAc buffer + Hg(NOg)2
0.50 0.0918 0.151 0.110 0.246 0.729 0.729
5.0 5.30 1.85 4.79 0.923 7.33 1.32
50 24.6 68.0 30.7 No uptake 34.6 66.1
500 109 196 110 85.9
In pH 8.1 buffer + Hg(NO3)2
0.50 0.387 0.404 0.898 0.915
5.0 7.18 1.40 5.39 1.78
50 28.4 38.0 29.6 57.7
500 41.7 240 - 62.5
* Blank containing no trimethoxysilylpropyl-dithiodiacetic acid.
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Figure 4.6. l3C{1H} MAS solid-state NMR spectra of gel 24b: (a) before Hg(II) uptake
(spin rate: 3,110 Hz); (b) after Hg(II) uptake by a 50 ppm Hg” solution (Hg” : ligand =
1.0 : 3.0 mole); (c) after Hg(II) uptake by a 1000 ppm Hg” solution (Hg” : ligand = 6.7 :
1.0 mole) (spin rate : 6,110 Hz). Spin side bands are indicated by asterisks.
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5-buffered, 50 ppm Hg” solution (140 mL) and shaken for 24 h. The gel was then
washed with deionized water and dried first in a fume hood and then by a vacuum oven.
In Figure 4.6b, not only —CO0H peak but also a small new -CHO peak was observed.
By this time, the gel containing 1.180 mmol ofthe ligand 23 had been exposed to 0.0349
mmol ofHg”.
In a separate study, a much higher concentration ofHg” (ligand : Hg” = 0.698
mmol : 0.104 mmol) was used. The l3C{1H} SSNMR ofthe gel after Hg” uptake is
shown in Figure 4.6c. The aldehyde peak intensity had increased in comparison to that in
Figure 4.6b. However the —COOH peak was still more intense than the aldehyde peak.
To confirm that the —COOH peak was not from excess starting mercaptoacetic
acid (HSCH2COOH) left from the preparation trimethoxysilylpropyl-diacetic acid (23),
mercaptoacetic acid mixed gel was separately prepared. Fresh mercaptoacetic acid
HSCH2COOH mixed gel showed -CO0H at 177.55 ppm and -CH2- at 27.72 ppm. After
the gel was washed with deionized water, these peaks disappeared. Mercaptoacetic acid
may bind to Si02 through hydrogen bond (Scheme 4.6). However gel washing may
remove mercaptoacetic acid to be below the NMR detection limit.
These results indicate Hg(II) uptake by gels grafted with thioacetal ligand 23 led
to the decomposition of the ligand to give an aldehyde group.
The l3C{IH} solid-state NMR spectra of silica gel-immobilized-dithioacetal
derivative 27 (67.9 mg) before and after Hg” uptake are shown in Figure 4.7. The gel
had been prepared by the method ofMahmoud and Gohar15 (Scheme 4.4) and immersed
in a pH 5- buffered, 1000 ppm Hg” solution (140 mL) for 24 h. We investigated this gel
and its Hg” binding to see if similar dithioacetal decomposition occurred. No change
111
WM' wififiw
”“11. 7 '1 
 
t ”£7 -. ”zit ”r” 1;; Li. v. e r 'r r
- rm r .- rr r n in -, m, -r 2
2 L 1 rfiTVr
2 Lu or II 40 u . ”-
(a)
r* r rr r'* r I 'r I ' ' I "' rr'r” I r' ' r" r* T r *rr'rr I ' r' . I r r l '
220 III LEI I." 1“ LII LII 80 II II ZI I ”In
Figure 4.7. l3C{1H} MAS solid-state NMR Spectra of gel 27 (spin rate: 6,110 Hz): (a)













Scheme 4.6. Possible hydrogen bonds between silica gel and mercapto acetic acid
in the NMR spectrum after the Hg(II) uptake (Figure 4.7b) was observed. The peak at
169.1 ppm was assigned to an imine group.
4.3.7. Summary
The studies thus far revealed that the trimethoxysilylpropyl-dithiodiacetic acid 23
ligand decomposition to aldehyde may have occurred in gel 24b. The dithioacetal
functional group in silica gel-immobilized-diacetal derivative 27 decomposed prior to its
exposure to Hg” as an imine group before and after Hg(II) uptake was observed. Further
studies using model molecular compounds were conducted. These model compounds
were prepared to undergo hydrolysis ofthe thioacetal filnctional groups by Hg”. These
studies are presented in Part 5.
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PART 5
Reactions of Mercury(H) with Thioacetals
116
5.1. Introduction
Ethylidenetetrathiotetraacetic acid (H4E) has been reported to form 1 : 1 and 2 : 1
metal : ligand complexes with bivalent transition metal ions (M = Mn”, Fe”, Co”, Ni”,
Cu”). 1








1 : 1 Complex
2 : 1 Complex
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Polarographic investigation and spectrophotometric measurements were carried
out to verify the formation of metal complexes from the reactions of
ethylidenetetrathiotetraacetic acid (HaE),” ethylthioglycolic acid (Csz-S-CHz-COOH)”
or thiodiglycolic acid (I-IOOC-CHz-S-CHzCOOH) with Hg”. The reactions of o-methyl-
mercapto-benzoic acid with metals (Cu”, Hg”, and Ag") were also investigated and the







Khalifah2d investigated the complexation ofHg(N03)2 with S-methyl-L-cystein [S-
MeCys; HOOCCH(NHS+)CH28CHs] and S-carboxymethyl-L-cystein [S—CmCys,
H00CCH(NHS+)CH2SCH2C00H] in the acidic medium (2 M HNOs), and gave 13C NMR
spectra of the complexes. He explained the formation ofHg : L2 complexes using the
increased deshielding the ligands in the complexes relative to uncomplexed ligands.
(3 -Mercaptopropyl)trimethoxy Silane ligand is believed to form strong —S-Hg-S-
bonds
(Me0)3Si MS— Hg— sM Si(OMe)3
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However, much strong Hg-S bonds often make Hg” stripping difficult.
In our search for new ligands for Hg” binding and removal, reports3 of large
binding constants between Hg” and dithiodicarboxylic acids attracted our attentions. In
these reports, experimental results led to two possible scenarios in the reactions between
Hg” and these ligands. Hg” and dithiodicarboxylic acid complexes with dative bonds
 
between Hg” and S atoms were proposed. In another scenario, decomposition of the
ligands was suggested. The exceedingly high stability constants of the products from
these reactions were cited?” and used as bases to design and prepare polymeric materials
containing dithioacetal functional groups for Hg” separation.3c Our studies of thioacetal
grafted gel 24b indicated that ligand decomposed during Hg(II) uptake (Part 4).
Although hydrolysis of dithioacetal compounds by Lewis acids such as Hg2+ has been
reported, no direct observation of hydrolysis ofthese dithioacetic acids, to our knowledge,
has been reported. We decided to investigate the reactions between model molecular
dithiodicarboxylic acids and Hg(II). Our studies are presented here.
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5.2. Experimental Section
The chemicals used in this study, including Hg(NO3)2.H20 (Fisher, Certified
A.C.S), benzaldehyde (Fisher, Certified), mercaptoacetic acid (Aldrich, 97%),
butyraldehyde (Aldrich, 99%), were used as received. Schlenk techniques were used for
the following solvent purification and preparation of (gt-od-[(benzylidene)dithio]diacetyl
chloride (32). Toluene was purified by distillation from potassium/benzophenone ketyl.
Pyridine (200 mL) was dried with 5 g ofKOH for one day, and distilled before use. Both
toluene and pyridine were stored under dry nitrogen. SOC12(Acros Organics, 99.5%) was
distilled before use. n-Butylamine (Fisher, Certified) was refluxed over CaHz and distilled
before use. Silica gel (63-299 mesh, 60 A pore diameter) for flash column
chromatography was purchased from ICN Biomedicals anH, Germany, and heated at
300 °C overnight to remove water on the surface of silica gel. Deionized water was used
in the reactions and the preparation of aqueous solutions. NMR spectra were obtained on
Varian 300 MHz and 600 MHz solution NMR and Varian 400 MHz solid-state NIVIR
spectrometers. Mass spectra (MS) were obtained on a VG ZAB-EQ hybrid high
performance mass spectrometer at an ionization voltage of 70 eV. A Hewlett-Packard
6890 gas chromatograph (GC) with 5973 mass selective (MS) detector (MSD) was used
to obtain GC/MS data. The column used was a Hewlet—Packard DB5MS capillary column
(30 m x 250 um; coating: 0.25 gm 5% phenyl methyl siloxane film). Elemental analysis
was performed by Galbraith Laboratory, Knoxville, Tennessee.
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5.2.1. Reaction of Phthalyltetrathioacetic Acid (H4PTTA, 18a) with Hg(N03)2
Na4PTTA salt (18b, 64.1 mg, 0.116 mmol, Section 4.2.2) was dissolved in 15 mL
ofH20, and then added to a round bottom flask containing a solution ofHg(N03)2°H20
(39.6 mg, 0.116 mmol) in 125 mL ofH20. A white solid formed immediately, and
precipitation continued as the mixture was stirred for 15 min. The mixture, after
centrifilging, was filtered twice using a Buchner filnnel to give 30.1 mg of
Hg(SCHzCOOH)2 (28) (0.0786 mmol, 67.8% yield). This solid was highly insoluble in
most solvents. We were able to dissolve a small amount of 28 in hot water for
recrystallization.
Thin shiny crystals were obtained, and the mixture was filtered with glass wool and
cotton ball. The water was removed from the filtrate under vacuum. Solid-state NMR
(Figure 5.1) instead of solution NIVIR was used for characterization of 28. A tiny amount
of a pale yellowish residue was dissolved in CDCls for GC/MS analysis. Anal. Calcd for
Hg(SCHzCOOH)2 (28): c, 12.55; H, 1.58. Found: C, 12.51; H, 1.78.
5.2.2. Synthesis of Benzylidenedithiodiacetic Acid (29) and Butyldithiodiacetic Acid
(30)
29 and 30 were prepared by reported procedures4 from aldehyde (benzaldehyde for
29; butyralaldehyde for 30) and mercaptoacetic acid in the molar ratio of 1 : 2 with HCl as
the catalyst. The products (white solid fine powder for 29; yellow crystal for 30) were
recrystallized from water and dried under a vacuum before NMR and X-ray analysis.
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The NIVIR data of 29 and 30 are consistent with their structures and the NMR data
in the literature.5 Data for 29: lHN1\/LR(CDC13, 23 °C)3 5 3-2 (d, 2H, thm = 17.3 Hz,
-CH.Ht-), 3.6 (d, 2H, -CHaHb-), 5.6 (s, 1H, PhCH=), 7.4-7.6 (m, 5H, C6H5-); l3C(‘H}
NMR (CDC13, 23 °C): 5 33.58 ('CHaHb-), 51.84 (PhCH=), 128.30, 128.97, 138.08
(C6H5-), 177.30 (-CO0H).
Data for 30; 1HNMR (CDC13, 23 0C): 5 1.0 (t. 3H. are), 1.6 (m, 2H, CHaCH2-),
1.9 (m, 2H, CHsCHzCH2-), 3.4 (d, 2H, 21am = 17.7 Hz, -CH.Hi,-), 3.6 (d, 2H, -CHaHb-),
4.2 (t, 1H, -CH=); l3C{‘H} NMR (CDC13, 23 oC): 5 13-90 (CHs-), 20.60 (CHeCHz-),
33.19 (-SCHaHb-), 38.17 (CHiCH2CH2-), 51.54 (-CH=), 177.48 (-CO0H). l3C{‘H}
MAS solid state NMR: 5 14-60(C1h-), 23.78 (CHsCHz-), 31.95 (-SCH2-), 39.96
(CHeCHzCH2-), 58.18 (-CH=), 180.03 (-CO0H).
5.2.3. Reaction of Butyldithiodiacetic acid (30) and Hg(N03)2
30 (0.0594 g, 0.218 mmol) was dissolved into 0.02 MNaOH (12.8 mL, 0.436
mol) at 45 °C. pH ofthe solution was found to be 7.02. Immediate precipitation was
observed when Hg(N03)2°H20 (0.0747 g) was added into the solution. The mixture was
shaken at 45 °C until most ofthe white precipitate was dissolved. The solution was then
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filtered twice with the fine filter paper for recrystallization to give crystals of 28.
5.2.4. Reaction of a-a’-[(Benzylidene)dithio]diacetyl Chloride (31) and Hg(N03)2
a-a’—[(Benzylidene) dithio] diacetyl chloride (31) was prepared by the method
reported by Mahmoud and Goharé under a dry nitrogen atmosphere with the use of
standard Schlenk technique. After flash column chromatography purification, the
compound was found to decompose to benzaldehyde. Instead of column chromatography,
the dark brown oil of crude diacetyl chloride (31) was thus purified by high vacuum
distillation with a diffusion pump (10'5 torr) at 60 °C. Attempts to confirm 31 by GC/MS
and high resolution MS failed. The compound is believed to have decomposed in the GC
column. It may have decompose on the high resolution MS spectrometer. lH, l3C{1H},
and HETCOR NIVIR spectra were used for the analysis of 31. These spectra are
consistent















with the structure assignment, and Showed the presence of a small amount of impurities
and PhCH=O.
Data for 31: 1H NMR(CDC13, 23 °C): 5 3.9 (d, 2H, 21% = 17.3 Hz, -CH.Hb-), 4.2
(d, 2H, -CHaHb-), 6.2 (s, 1H, PhCH=), 7.2-7.5 (m, 5H, CoHs-). 13C NMR (CD013, 23
°C): 6 45.62 (-CI'IaHb-), 66.72 (PhCH=), 129.01, 129.82, 137.26 (-C6Hs), 169.79
(-COCl).
31 and n-butylamine (1 : 4 molar ratio) were mixed in toluene-d8 in an NMR tube.
White smog immediately appeared, and a dark brown oil formed at the bottom of a pale
yellow solution. The brown oil (33) was separated and then dissolved in CDC13. The
yellow solution in toluene-d3 was pumped to remove toluene-d3. The residue (34) was
then dissolved in CDC13 for GC/MS and NMR analysis.
5.2.5. X-ray Structure Determination
The crystal structures Hg(SCH2C00H)2 (28) and butyldithiodiacetic acid (30)
were determined on a Bruker AXS Smart 1000 X-ray diffractometer which was equipped
with a CCD area detector and a graphite-monochromated Mo Source (Kot radiation,
0.71073 A) and fitted with an upgraded Nicolet LT-2 low temperature device. Suitable
crystals were coated with paratone oil (Exxon) and mounted on a glass fiber under a
stream of nitrogen at 173(2) K. The structures ofthe compound were solved by direct
methods. Non-hydrogen atoms were anistropically refined. All hydrogen atoms for
structures were treated as idealized contributions, which were located fiom the electron
density maps and were refined isotropically. Empirical absorption correction used
SADABS.” Also the global refinements for the unit cells and data reductions of
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structures were performed under Saint program (Version 6.02). All calculations were
performed using SHELXTL (Version 5.1) proprietary software package.7b
5.3. Results and Discussion
5.3.1. Preparation ofHg(SCHzCOOH)2 (28) from the Reaction of
Benzylidenedithiodiacetic Acid (29) with Hg(II)
The reaction of benzylidenedithiodiacetic acid (29) with Hg(N03)2 was found to
give a precipitate in 84.7% yield. NMR and X-ray crystal structure of this solid identified
it to be Hg(SCHzCOOH)2 (28). l3C{1H} MAS solid-state NMR Spectrum ofthe
precipitate is shown in Figure 5.1. Only resonances of -CH2 at 36.55 ppm and -CO0H at
175.89 ppm were observed. This observation is consistent with the structure of 28. There
were no resonances of the phenyl ring, which were expected for a complex between Hg2+
and 29. Elemental analysis ofthe recrystalized precipitate is consistent with
Hg(SCHzCOOH)2 (28). These results suggest that decomposition of 29 occurred in its
reaction with Hg”, as shown in Scheme 5.1. 28 was reported earlier by Carlton8b and was
prepared from the reaction ofHgO and thioglycolic acid (HSCH2COOH).
Crystals of 28 suitable for by single—crystal X—ray diffraction were obtained. The
X-ray structure of 28 is shown in Figure 5.2. The S(1)—Hg(1)-S(1A) bond is linear as
defined by crystal symmetry. Hg-S bond length of 2.339 A is similar to 2.30 A in
Hg(SCH2CH2CH2CH2CHs)2.8' The C(2)-0(1) bond is 1.01 A shorter than C(2)-0(2)
bond, suggesting that C(2)-O( 1) is the C=O bond in the carboxylate group C(=O)O'.
Hydrogen bonds between molecules are observed in a packing diagram (Figure 5.3).





















































Figure 5.1. l3C{1H} MAS solid state NMR Spectrum ofHg(SCH2C00H)2 (28) at 3,110
Hz spin rate. Spin side bands are indicated by asterisks.
126
The supernatant solution in the formation of 28 from the reaction of 29 with
Hg(NOs)2 was analyzed. After the solid of 28 was filtered out, and water was removed
fi'om filtrate by vacuum, the remaining liquid was dissolved into CDCls. GC/MS analysis
showed that PhCH=O was the major component in the organic liquid (Figure 5.4-5.5).
The observation ofPhCH=0 further supports the decomposition of29 in its reaction with
Hg(N03)2 (Scheme 5.1)
CH + Hg(NOa)2 (89)





















Figure 5.2. ORTEP diagram ofHg(SCHzCOOH)2 (28), showing 50% thermal ellipsoids.
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Completeness to theta = 26.38°








a = 7.549(4) A a = 90°
b = 4.303(3) A (3 = 103.690(9)°

















Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 779/ l / 52
Goodness-of-fit on F,2 1-089
Final R indices [I > 28igma(1)] R1 = 0.0261, wR2 = 0.0662
R indices (all data) R1 = 0.0261, wR2 = 0.0662
Absolute structure parameter 049(4)
Largest diff. peak and hole 0.800 and -0.960 eA'3
 
R1 = 21118.1 i/ziroi; wR2 = (zlwtro2 —F.2)2]/ 2114473))21“2
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Table 5.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2 x 103) for Hg(SCHzCOOH)2 (28). U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor
 
x y z U(eq)
Hg(1) 5000 10069(4) 5000 33(1)
8 7783(3) 10070(20) 6305(1) 38(1)
C(2) 8423(14) 9870(90) 8560(8) 64(5)
0(1) 9631(14) 8770(20) 8659(6) 47(2)
C(1) 7096(15) 8740(30) 7495(8) 34(2)
0(2) 8102(16) 12290(30) 9343(7) 60(3)
 
Table 5.3. Bond lengths (A) and angles (°) for Hg(SCHzCOOH)2 (28)
Hg(1)-8(1) 2.339(2) Hg(1)-S(1)#1 2.339(2)
S(1)-C(l) 1.788(10) C(2)-0(1) 101(2)
C(2)-0(2) 149(3) C(2)-C(l) 1.547(17)
C(1)-S(1)—Hg(1) 101.2(4) S(1)-Hg(1)-S(1)# 180.0(5)
0(1)-C(2)-C(1) 110.0(18) 0(1)-C(2)-0(2) 121.9(14)
C(2)-C(1)-S(1) 111.4(11) 0(2)-C(2)-C(1) 128.0(13)
 
Symmetry transformations used to generate equivalent atoms:
#1 -x+1,y,-z+1.
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Table 5.4. AnisotrOpic displacement parameters (A2 x 103) for Hg(SCH2C00H)2 (28).
The anisotropic displacement factor exponent takes the form: -2n2[h2a*2U11 + +
 
2hka*b*Un]
U11 U22 U33 U23 U13 U12
Hg(1) 31(1) 43(1) 19(1) 0 -5(1) 0
S(l) 26(1) 67(1) 18(1) 2(4) 0(1) -4(4)
C(2) 24(5) 147(16) 21(4) -26(13) 2(4) 29(13)
0(1) 55(6) 60(5) 21(3) -2(3) -1(4) 15(4)
C(1) 34(6) 43(5) 21(5) 3(4) -2(4) -8(4)
0(2) 78(6) 72(7) 24(4) -10(4) -3(4) 35(5)
 
Table 5.5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2 x
103) for Hg(SCH2C00H)2 (28)
Y Z U(eq)
H(1A) 5879 9500 7475 41
H(lB) 6486 7491 41
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Figure 5.4. GC/MS of organic ligand from the reaction of 29 with Hg(N03)2.
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5.3.2. Reaction of Butyldithiodiacetic Acid (30) with Hg(N03)2 to Give 28
Butyldithiodiacetic acid (30) was prepared from the reaction of CHsCHzCHzCHO
with HSCH2C00H.4b Its NMR and X—ray crystal structure were used in the current
study for its identification. The molecular structure of30 is shown in Figure 5.6. Crystal
data, results of analysis, and bond distances and angles are given in Tables 5.6-5. 10. The
crystal structure of ethylidenetetrathiotetraacetic acid [H4E;
(HOOCCHzS)2CHCH(SCH2C00H)2] has been reported.9 S(1)-C(3) bond length of
1.847 A in 30, and S(2)-C(3) bond length of 1.826 A are longer than those [S(1)-C(3),
1,804; S(2)-C(3) 1.837] in 114E. S(2)-C(3)-S(1) bond angle of 112.97° is smaller than
that (115.7°) in HE. Packing diagram in Figure 5.7 also shows H bonds between
carboxylic groups of neighboring molecules.
Analyses of the white precipitate from the reaction of 30 with Hg(N03)2 showed it
to be 28. The unit cell parameters of crystals of the precipitate are identical to these from
the reaction of29 with Hg(N03)2. In addition, when the reaction of 30 with Hg(N03)2
was monitored by 1H NMR CHaCHzCHzCHO was observed as the major product along
with the white precipitate. These results indicated that decomposition of30 occurred in
its reaction with Hg” to give Hg(SCHzCOOH)2 (28) and CHsCH2CH2CH0.
5.3.3. Reaction of Dithioacetal Derivative (31) with Amines
In Part 4 (Section 4.3 .7), we reported that in the reaction of silica gel-immobilized-
dithioacetal derivative 27 with Hg”, ligand decomposition was observed. One product of
the decomposition was grafted on sol-gels. To filrther confirm such decomposition, we
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Figure 5.7. Packing diagram in the crystals of 30.
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a = 8.522(11) A a = 84.76(2)°
b = 8.995(12) A (3 = 83.64(2)°






0.50 x 0.39 x 0.25 mm3
1.78 to 25.02°.
-10 g h g 10, -10g k g 10,
-27 s l s 27
11490







Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on 132
Final R indices [I > 2sigma(I)]
R indices (all data)
Largest diff. peak and hole
Semi-empirical from equivalents
0.8938 and 0.8029
Full-matrix least-squares on F2
5751/0/382
0.684
R1= 0.0398, wR2 = 0.1215
R1 = 0.0496, wR2 = 0.1382
0.465 and -0.367 e.A'3
 
R1 = 2IW WIFoI: wR2 = (21th3 —F5)Ty21wrf»zi“
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Table 5.7. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2 x 103) for 30. U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor
 
x y z U(eq)
8(1) 5282(1) -191(1) 1591 (1) 34(1)
S(2) 6490(1) 2654(1) 1732(1) 35(1)
S(4) 258(1) 4691(1) 1750(1) 36(1)
5(3) 1605(1) 7556(1) 1623(1) 36(1)
0(2) 5224(2) 290(2) 2895(1) 40(1)
0(7) -706(2) 4214(2) 617(1) 41(1)
0(1) 3086(2) 2408(2) 2874(1) 47(1)
0(6) 1442(2) 6580(2) 385(1) 38(1)
0(8) -2957(2) 6202(2) 570(1) 47(1)
0(5) 3621(2) 4514(2) 450(1) 50(1)
0(3) 7505(2) 2701(2) 2895(1) 40(1)
0(4) 9886(2) 848(2) 2819(1) 44(1)
0(3) 5985(3) 1454(3) 1223(1) 32(1)
C(1) 4035(3) 1188(3) 2653(1) 35(1)
0(4) 8258(3) 1289(3) 2027(1) 36(1)
C(12) -1449(3) 5976(3) 1386(1) 37(1)
C(13) -1736(3) 5431(3) 818(1) 32(1)
0(5) 8541(3) 1664(3) 2622(1) 31(1)


























































































































Table 5.8. Bond lengths (A) and angles (°) for 30
 
S(1)-C(2) 1.809(3) S(1)-C(3) 1.847(3)
S(2)-C(4) 1.819(3) S(2)-C(3) 1.826(3)
S(4)-C(12) 1.826(3) S(4)-C(11) 1.831(3)
S(3)-C(10) 1.806(3) S(3)-C(11) 1.840(3)
0(2)-C(1) 1.261(3) 0(7)-C(13) 1.289(3)
0(1)-C(1) 1.284(3) 0(6)-C(9) 1.255(3)
0(8)-C(13) 1.248(3) 0(5)-0(9) 1.295(3)
0(3)-C(5) 1.259(3) 0(4)-0(5) 1.287(3)
C(3)-C(6) 1.539(4) C(1)-C(2) 1.519(4)
0(4)-0(5) 1.506(4) C(12)-C(13) 1.511(4)
C(11)-C(14) 1.532(4) C(9)-C(10) 1.514(4)
C(14)-C(15) 1.535(4) C(6)-C(7) 1.536(4)
C(8)-C(7) 1.524(4) C(15)-C(16) 1.526(4)
S(5)-C(18) 1.822(3) S(5)-C(19) 1.826(3)
S(6)-C(20) 1.808(3) S(6)-C(19) 1.839(3)
0(10)-C(17) 1.276(3) 0(12)—C(21) 1.266(3)
0(11)-C(21) 1.279(3) 0(9)-C(17) 1.266(3)
C(21)-C(20) 1.517(4) C(17)-C(18) 1.511(4)
C(19)-C(22) 1.541(4) C(22)-C(23) 1.525(4)
C(24)-C(23) 1.526(4) C(4)-S(2)-C(3) 100.23(14)
C(2)-S(1)-C(3) 100.89(14) C(10)-S(3)—C(1 1) 101.41(15)






















































































Symmetry transformations used to generate equivalent atoms:
144
Table 5.9. Anisotropic displacement parameters (A2 x 103) for 30. The anisotropic
displacement factor exponent takes the form: -2n2[ h2a*2Uii + + 2hka*b*U12]
 
U11 U22 U33 U23 U13 U12
S(l) 34(1) 31(1) 38(1) -4(1) 1(1) -11(1)
S(2) 40(1) 25(1) 40(1) -1(1) -8(1) -8(1)
S(4) 40(1) 25(1) 44(1) 0(1) -8(1) -9(1)
S(3) 39(1) 34(1) 39(1) 1(1) -4(1) -15(1)
0(2) 43(1) 35(1) 42(1) -1(1) —7(1) -8(1)
0(7) 38(1) 36(1) 48(1) -11(1) -3(1) -7(1)
0(1) 42(1) 52(1) 43(1) -14(1) -5(1) 0(1)
0(6) 38(1) 32(1) 44(1) 2(1) -10(1) —5(1)
0(8) 42(1) 49(1) 46(1) -6(1) -8(1) -1(1)
0(5) 46(1) 50(1) 44(1) —5(1) -10(1) 5(1)
0(3) 38(1) 36(1) 43(1) -9(1) -1(1) -4(1)
0(4) 37(1) 47(1) 47(1) -12(1) -10(1) -1(1)
0(3) 34(1) 28(1) 34(1) 0(1) -6(1) -8(1)
C(1) 29(1) 36(1) 40(1) -4(1) 1(1) -11(1)
0(4) 33(1) 32(1) 41(1) -4 (1) -6(1) -7(1)
C(12) 33(1) 32(1) 47(1) -7(1) -5(1) -6(1)
C(13) 28(1) 27(1) 41(1) 0(1) 1(1) -11(1)
C(5) 29(1) 28(1) 40(1) —1(1) -1(1) -13(1)
C(11) 36(1) 30(1) 38(1) 3(1) -7(1) -13(1)


























































































































































Table 5.10. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2 x
 
103 ) for 30
X Y Z U(eq)
H(7) -994 4028 302 61
H(1) 3417 2534 3191 71
H(5) 3249 4273 161 74
H(4) 9952 1117 3152 66
H(3) 5051 2125 1015 39
H(4A) 8099 235 2051 43
H(4B) 9244 1292 1757 43
H(12A) -2460 6092 1654 45
H(12B) -1244 7011 1310 45
H(ll) 1904 5491 2326 41
H(2A) 3014 1788 1870 46
H(2B) 2804 165 2159 46
H(14A) -1348 7467 2407 40
H(14B) 108 7815 2705 40
H(IOA) 4015 6942 1019 49
H(10B) 3771 5436 1399 49
H(6A) 8182 -75 926 41
H(6B) 793 5 1626 614 41
H(8A) 8669 352 -383 66




















































































































reaction with 31. The reaction of diacetyl chloride 31 and n-butylamine in toluene gave an
insoluble dark brown oil 33 and a yellow solution 34. The dark brown oil 33, which was
separated and dissolved in CDC13, and DMSO-do, respectively, was identified as an
ammonium salt CflsCHzCHzCHz-NI-Is+Cl' by NMR. Its 13C NMR spectrum has been
reported (Table 5.11).10
The yellow solution 34 was found to contain unreacted amine and imine (35).
Amide, HSCH2CONHCH2CH2CH2CHs (36), may be present in 34 as well, but it was not
confirmed. In other experiment, the yellow solution 34 was pumped to remove the excess
amine and toluene. The residue was dissolved in CDCl3 for additional NIVIR analysis. 1H
NMR spectrum (Figure 5.8 and Table 5.12) and GC/MS (Figure 5.9-5. 10) data confirmed
the presence of imine 35.
The 1H NIVIR of the yellow solution 34 (Figure 5.8) did not show amide 32, as the
characteristic diastereotopic S-CHaHb' was not observed. The resonances ofthese two
protons as doublets of doublets were observed around 3.4 ppm in HiPTTA (18a) and 4.0
ppm in diacetyl chloride (31). In addition, the Ph-CH(S-)2 resonance was not observed in
the 1H N1\/IR spectrum (Figure 5.8). The resonances of this proton in
PhCH(SCH2COOH)2 (18a) and PhCH(SCH2COCl)2 (31) were found to form a Singlet
around 5.6-6.2 ppm. These observations suggest that 32 was not a product in the yellow
solution 34. The presence of amide 36 in 34 could not be confirmed.lla Akiyama and
I” the 1H NMR spectra of cis and trans isomers ofN-methylacetamide inOhtani reported
CDCls. Broad peaks at 10.35 ppm and 9.50 ppm were expected if the trans and cis
isomers ofN—butyl mercapto methyl amide (36, Scheme 5.2) had formed. There were
some peaks at 3.34 ppm and 1.75 ppm.
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4 3 2 1 41 31 21 1|
CH3CH2CHZCH2-NH2 CH3CH2CH2CH2-NH3+CI'
n-Butylamine Ammonium salt 33
Table 5.11. Chemical shifts of n—butylarnine and ammonium salt
 
 
H1 H2 H3 H4
1H (CDC13)
n-BuNHz 2.68 (t) 1.40 (m) 0.92 (t)
33 3.00 1.75 1.43 0.95
lH (DMso)
33 2.73 (tri) 1.53 (quin) 1.32 (six) 0.88 (tri)
13C(CDCla)
n-BuNHz 42.0 36.1 20.0 13.9
33 40.0 29.8 19.9 13.6
13C (DMSO)
n-BuNHzlo 41.4 35.8 19.6 13.5
331° 38.7 29.0 19.4 13.6







Table 5.12. lH chemical shifts of imine 35
 
Ha H1 HZ H3 H4 Ph
refllc 8.30 3.65 1.60 1.40 0.90 7.44, 7.80
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These results suggest a sequence of reactions shown in Scheme 5.2. The presence
of a trace amount ofwater may catalyze the decomposition of 32. The product ofthis
decomposition, PhCH=O may react with amine CHsCH2CH2CH2NH2 to yield imine 35
and H20 which then reacted with 32 in the next cycle of decomposition of32 as shown in
Scheme 5.3. Because of this decomposition of 32 by water, we were not able to study its











Similar decomposition of grafted amide 27 may have occurred as well, when 31
reacted with amine grafted on sol-gels (Scheme 5.4). Water is expected to be abundant in
the sol-gels and to catalyze the decomposition of 27 to give imine-grafted gel 37. The




0 m \c /S-CHZCOOH












4 H2N SI\O_ Si02
nummm
\JmmmmmmnImmmnnuumnnmummmumunmmuE
g I umumn '=_'_
E - + ./O— Illlllllllll _§_
V E 2C|NH3 MSI\O_ Si02 E
E mmmuu E
E ammonium functionalized el 5
_ 1|IIIlllllllllllllllllllllllllllllllIIIIIIIIIIIIIIIIIIIIIIIIIII mmufllr
H il) H I IIIIIIIIIIII
\ /S/\C_NMSi<g-__ mumm
Ph \SV C—NWSl’O—_ 8'02













E C MSI'/O— Illlllllllll
E
g 2 HSA "—iii '\0_ Si02 g
E O H Immmm
E































































5.3.4. Reaction of Dithiodicarboxylic Acids with Hg(II)
The current studies of the reactions between dithiodicarboxylic acid such as
trimethoxysilylpropyl-dithiodiacetic acid (23), Ph-CH(SCH2COOH)2 (29), and
CHaCHzCH2CH(SCH2COOH)2 (30) indicate Hg2+ catalyses their decomposition. In other
words, the second scenarios in the earlier studies“ ofthe reactions of dithiodicarboxylic
acids is confirmed.
Reactions of an aldehyde with alcohol to make an acetal through hemiacetal and
the decomposition of the acetal to go back to the starting material aldehyde are well
known.12 Our observations are consistent with reports ofHg2+-catalyzed decomposition
of thio-acetals and thio hemiacetals.12’l3 Thioacetals have been used in organic synthesis
to protect aldehyde groups. Reactions with soft acids such as Hg”, Cd2+, and Ag were
reported to regenerate the aldehyde groups (Scheme 5.5).




(1) R'CH + SR R'CH > R'(i‘.H + H20
is." ZISZR
:8:R 2+ 0





Decomposition of Dithiodicarboxylic Acids with Hg(II). The molecular studies
in the current part indicate that decomposition of trimethoxysilylpropyl-dithiodiacetic acid
grafted on sol-gels (24b, 25c-d, 26c) occurred in its reactions with Hg2+ (Scheme 5.6) to
give surface-grafted aldehyde and Hg(SCHzCOOH)2 (28) precipitate. As a result of the
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333333I :O‘SiN CH + Hg—(SCHZCOOH)2
Scheme 5.6
159
The complexation between Hg2+ and HSCH2COOH to give Hg(SCH2C00H)2
(28) has been studied. The stability constant log [3 for the formation of 28 was reported to
be 45.5.14 This value is close to log [3 = 45 (pH > 6) reported for the product from the
reaction between Hg(N03)2 and 18a,3 fithher supporting that this product was
Hg(SCHzCOOI-I)2 (28) in this earlier study.
Although decomposition of dithioacetal compounds by Hg2+ and other Lewis acids
has been reported, the current work is the first direct conformation of this chemistry in
dithioacetic acids and related compounds.12 It resolved this issue that has been in the
literature since 1975.
Decomposition of Dithioacetal Derivative (31) with Amines. The aldehyde,
which is one of products of decomposition of 32, reacts further with surface-grafted
H2N(CH2)3Si(O-)3 to give grafted imine 37 . Another product of this decomposition, the
grafied mercapto amide ligand HS-CHz-C(=O)-NH-(CH2)3-Si(O-)3 (38) may react with
Hg2+ to remove the latter from aqueous solution. The approach in the current studies led
to the synthesis of mercapto/amides 36 and 38 (Scheme 5.2 and 5.4).
Another interesting point is that 36 and 38 are in essence thioacetamides. The H-
S-CHz-C=O-NH— moiety may bind metal ions M“ in a mode similar to that observed
between MM and a moiety containing amino acids such as cysteins HS-CHzCH(NHs+)-
COO' or their peptides. These proteins often demonstrate excellent Hg2+ binding. The
enhanced binding here is believed to be a result of chelating from the amide —CONH- and
the HS- group. The procedures in Schemes 5.3 and 5.4 thus provide synthetic approaches
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